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Abstract 
 
 Relaxor ferroelectrics (REFs) are very fascinating materials because of their excellent piezoelectric and 
electromechanical properties, and have been extensively studied over the last several decades. Owing to their 
exceptionally large piezoelectric effect, REFs are very useful materials for applications in piezoelectric devices. 
REFs can be categorized into the cubic perovskite and uniaxial tetragonal tungsten bronze (TTB) relaxors. Both 
the perovskite and uniaxial TTB relaxors possess some kinds of disorder in their structure, which induces quenched 
random fields (RFs) and causes the appearance of polar nanoregions (PNRs). In perovskite relaxors, the sources 
of RFs are the chemical disorder by random occupancy at B-site and differences in ionic charge and radius between 
different cations, whereas in TTB relaxors, RFs arise due to random occupancy in unfilled cation sites. 
Upon cooling from high temperatures, RFs induce the dynamic PNRs at the Burns temperature TB. 
Below TB, the size of PNRs starts to increase and the interaction among PNRs is initiated, which causes the 
slowing down of their dynamics and forms the quasistatic PNRs. Consequently, the dynamic-to-static 
transition of PNRs starts at the intermediate temperature T*, below which a rapid growth of PNRs is also 
observed. Upon further cooling, most of the PNRs are frozen into a nonequilibrium polar nanodomain state 
at the Curie temperature TC, while RFs restrict the growth of polar macrodomains. Finally, at a sufficiently 
low temperature called the freezing temperature Tf, all PNR dipoles become frozen into a nonergodic state 
similar to some kind of glass-like state. Therefore, PNRs are considered to play a vital role in the relaxor 
behavior by inducing the diffuseness of the ferroelectric phase transition, frequency-dispersive dielectric 
anomalies, and various precursor phenomena of both the perovskite and TTB relaxors. 
 Most of the perovskite relaxors are Pb-based, and among them (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 
(PMN-xPT) single crystals with the compositions near morphotropic phase boundary (MPB) (x = 0.33-
0.37%) are the most attractive in the application of piezoelectric devices due to their superior piezoelectric 
properties. They show the maximum dielectric and piezoelectric responses which have the broad range 
temperature dependencies. These high electrical responses are necessary to increase the efficiency and 
reduce the size of the various devices such as condensers, actuators, and transducers.  From recent study, a 
further enhancement of the above properties is observed at critical end point (CEP), an upper limit of the 
critical external electric field at which the polarization rotation energy is decreased significantly. However, 
the origin of these enhancement of the physical properties is still an intriguing topic for research. 
Therefore, in the present study, the acoustic and dielectric properties of PMN-30PT (x = 0.30) single 
crystals were investigated under the external dc electric field using Brillouin scattering and dielectric 
spectroscopy to clarify the origin of the field-induced enhancement of dielectric responses. Under a 
moderate electric field E, a mixed state consisting of field-induced macrodomain and nanodomain due to 
RFs was identified by observing the longitudinal acoustic (LA) mode splitting in Brillouin scattering and 
coexistence of Monoclinic (M) and field-induced Tetragonal (T) phases in dielectric measurement. Under a 
sufficiently high E, the LA mode splitting and the M phase disappear due to the complete switching of 
nanodomain into the field-induced macro/single domain states by stabilizing the T phase with the E along a 
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[001] direction. The highest dielectric constant was observed at CEP (at 1.2 kV/cm and at 398K), which 
was the boundary between a mixed state and a macro/single domain state. Therefore at CEP, the transition 
from a mixed state to a macro/single domain state was suggested to be the origin of the maximum electric 
responses in PMN-30PT near the MPB composition. After removing the external field, a field-induced 
memory effect was observed in the dielectric measurement. Therefore, the origin of this field-induced 
memory effect and the process of removing this memory were also clarified using dielectric spectroscopy. 
Recently, the immense interest of the research on Pb-free materials has been growing due to the 
emerging demand of such materials in green sustainable technology. Most of the TTB relaxors such as 
SrxBa1−xNb2O6 (SBN) and CaxBa1−xNb2O6 (CBN) are Pb-free and till now the study of these REFs is 
insufficient and the understanding of their intrinsic mechanism is still unclear. Uniaxial REFs with the TTB 
structure such as SBN and CBN are very attractive materials for technological applications and basic 
research owing to their remarkably effective dielectric, piezoelectric, pyroelectric, and photorefractive 
properties. These excellent physical properties are useful for modern applications such as sensors, data 
storage, lasers, and holography. The unique combination of outstanding physical features and Pb-free nature 
makes SBN and CBN single crystals the crucial materials for research.  Up to the present, most of the studies 
of uniaxial TTB REFs have been carried out mainly focusing on their different functional properties and 
structures, and the origin of the relaxor behavior and its composition dependence. However, the detailed 
study of the effect of an external E on PNRs is even now insufficient and the role of PNRs in the states 
above and below TC is still a puzzling issue of materials science. The PNRs in the paraelectric phase and 
nanodomain state/static PNRs in the ferroelectric phase are very sensitive to an external E and aging by 
which they gradually switch into a metastable macro- or even a single domain state. Therefore, a change in 
acoustic properties of the materials such as sound velocity and sound attenuation is expected, which can 
easily be detected using Brillouin scattering. Therefore, the use of Brillouin scattering is a new approach of 
experimental technique to study the aging and electric field effect of the ferroelectric materials.  
Therefore, in the present study, the acoustic properties of SBN70 (x = 0.70), SBN40 (x = 0.40) and 
CBN30 (x = 0.30) single crystals were investigated under zero and externally applied dc E using Brillouin 
scattering to clarify the critical nature and related functionality of PNRs and domain states in uniaxial REFs 
with TTB structure. The effect of an external E along the [001] direction was clearly observed. On field heating, 
an incomplete alignment of nanodomains was observed at a low temperature region of SBN40 due to the 
formation of a cluster-glass state induced by the interaction among PNRs. Upon heating, this interaction among 
PNRs becomes very weak neat TC and therefore, a high E aligns all PNRs along the field direction. As a result 
a complete switching of nanodomain to a macrodomain states was observed near TC. Below TC, an isothermal 
aging of SBN40 shows a clear memory and rejuvenation effects which indicate the formation of a cluster-glass 
state due to the interaction among PNRs. In the field-dependent measurement of SBN70, SBN40 and CBN30, 
a mixed state of macrodomain and nanodomain was observed up to a very high E because of the incomplete 
switching of nanodomains below TC due to the interaction among PNRs. A filed-induced macro/single domain 
state was also observed on field cooling from a high temperature under a lower E. 
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Chapter 1 
General Introduction 
 
1.1 Historical background of ferroelectric materials 
Ferroelectric materials are the highly polar dielectric materials which possess a very high value of 
dielectric constant and have been known from almost a century. The discovery of the ferroelectricity was 
leaded by the occurrence of two well-known related phenomena piezoelectricity and pyroelectricity. In 
piezoelectricity, the electric polarization is induced by mechanical strain [1], while in pyroelectricity, a 
temperature dependent spontaneous electric dipole moment is observed [2]. The term “pyroelectricity” was 
already known to the people since ancient time by observing the phenomena that the certain materials have 
ability to attract small objects when they are heated. The piezoelectricity was discovered by J. Curie and P. 
Curie in 1880. They observed that the charge induced by non-uniform and uniform heating was actually due 
to the thermal stress from the microscopic point of view [1]. On much later, ferroelectricity was discovered 
primarily owing to the fact that at equilibrium, the randomly distributed domain polarizations result a very 
weak net polarization in the bulk material. The ferroelectricity was first observed by Valasek in 1920 in the 
Rochelle salt (KNaC4H4O6·4H2O) when he found that upon application of an external electric field, the 
polarization of KNaC4H4O6·4H2O could be reversed [3-8]. However, its crystal structure is very complicated 
which greatly discourage the researchers for any further theoretical studies. Later on, the ferroelectricity was 
observed in dihydrogen phosphate (KH2PO4) [8-10] and ammonium salts ((NH4)H2PO4) [11-13] with less 
structural complexity. Consequently, Slater introduced the first theoretical model of ferroelectricity which 
mainly focused on the dipolar units induced by the arrangement of the hydrogen bonds [14]. Since at that time 
this model was consistent with the experimental results, therefore, during several decades it was believed that 
hydrogen bonds were essential for the ferroelectricity. In 1945, Wul and Goldman showed that the above 
statement was not true by observing ferroelectricity in barium titanate (BaTiO3) which was the first 
ferroelectric crystal without hydrogen bonds. In addition BaTiO3 is the first ferroelectric crystal with more 
than one ferroelectric phase [15-19]. In 1960s, the ferroelectricity was discovered in many new materials, and 
research was focused on the most interesting materials with perovskite and tetragonal tungsten bronze structure 
oxides and ferroelectric polymers [20]. The word “ferroelectricity” is originated from the analogy of the 
fundamental concept in ferromagnetic materials, such as magnetization, magnetic domains, and magnetic 
hysteresis loop. However, the inside mechanism behind this phenomenon is completely different from those 
in the ferroelectric materials. The magnetism can be explained as an intrinsically quantum mechanical 
phenomenon, while in general the ferroelectricity can be described by means of classical physics [21]. 
 
1.2 Ferroelectricity 
Ferroelectricity is a characteristic of certain dielectric materials that display spontaneous 
polarization which can be reversed by applying a suitable external electric field. By heating a ferroelectric 
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materials above its Curie temperature, its unit cell becomes centrosymmetric, i.e., all the ions assumed to be 
in the symmetric positions of the unit cell and ferroelectric behavior ceases. Therefore, to be ferroelectrics, 
the must have requirement is the non-centrosymmetric structure. Among the 32 point groups in crystal 
symmetry, 21 point groups are non-centrosymmetric due to the absence of center of symmetry. The crystals 
having these non-centrosymmetric point groups exhibit third-rank tensor properties such as linear electro-
optic and piezoelectric effects along a unique crystallographic direction except 432 point group. Among 
them, 10 point groups i.e., 1, 2, m, mm2, 4, 4mm, 3, 3m, 6 and 6mm represent the polar crystal classes which 
exhibit pyroelectricity. The crystal having one of these point groups has a unique rotation axis without 
having any mirror perpendicular to this axis. Therefore, the atomic arrangement at one end along the unique 
rotation axis is completely different from that at the other end. As a result, the crystal becomes bi-polar and 
exhibits spontaneous polarization along a certain crystallographic direction in the absence of an electric field [22]. 
If this spontaneous polarization can be reversed by the application of an external electric field, the material is said 
to be ferroelectric. Ferroelectric materials also exhibit piezoelectricity and pyroeletricity. 
 
1.3 Characteristics of ferroelectric materials 
1.3.1 Ferroelectric domains and domain walls 
Generally in a ferroelectric crystal, the uniform alignment of electric dipoles occurs in a certain 
region which is known as the ferroelectric domains. The spontaneous polarization in different domains along 
the different directions causes the zero net polarization. The interface between two adjacent domains is known 
as a domain wall which is characterized by the angle between the polarization directions on either side of the 
wall. Generally, the domain walls are very thin i.e., less than a few lattice cells. In a tetragonal ferroelectric  
 
 
 
 
 
 
 
 
 
 
 
phase, the angles between two adjacent domains are either 90° or 180°, while they are 71°, 109°, or 180° in 
a rhombohedral ferroelectric phase. The region which separates the domains of oppositely oriented 
polarization is called a 180° domain wall, while a 90° domain wall separates the perpendicular domains. 
The polarization reversal by applying an external electric field is known as switching. The 180° domain 
Figure 1.1. Schematic illustration of ferroelectric domains and domain walls. The red arrow indicates the 
direction of the spontaneous polarization. 
Individual 
domain 
Domain 
walls 
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switching occurs with a minimal structural strains. Whereas, a marked structural deformation is necessary 
for the switching of 71°, 90°, and 109° domains. 
 
1.3.2 P-E hysteresis loop  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 The typical ferroelectric polarization-electric field (P-E) hysteresis loop is shown in Fig. 1.2. When 
an external E is applied along a certain crystallographic direction, the domains with an unfavorable direction 
of P trend to align along the field direction [22]. Under a sufficiently high E, all the domains are aligned 
along the field direction and the P becomes saturated (point A in Fig. 1.2) which is known as a spontaneous 
polarization Ps. This process is reversible and called the polarization switching. When E is decreased to 
zero, P ≠ 0 i.e., the polarization does not return to the initial value (point B in Fig. 1.2). After the removal 
of E, the amount of switchable P is called the remnant polarization Pr. The return of an initial state of P 
requires an application of a reverse E. The strength of E required to bring the initial sate of P is called the 
coercive field EC (point C in Fig. 1.2). Upon further increase of the reverse E, again P becomes saturated 
(point D in Fig. 1.2) but the direction of P is opposite to that of at point A. This indicates a complete 
switching of domains from a state A to a state D. By decreasing a reverse E and reapplying E along the 
initial direction, a complete P-E hysteresis loop is observed. The above process can be repeated.  
 
1.3.3 Curie temperature and ferroelectric phase transition 
The structural phase transition is one of the most important properties of the ferroelectric materials. 
Upon cooling, the ferroelectric materials exhibit the structural phase transition from a paraelectric phase to 
a ferroelectric phase. The temperature at which a paraelectric to ferroelectric phase transition occurs is called 
the Curie temperature TC. Some ferroelectric materials possess more than one ferroelectric phase. In that 
Fig. 1.2. Typical diagram of a P-E hysteresis loop in ferroelectric materials. 
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case, TC will be only the temperature at which a paraelectric to ferroelectric phase transition occurs. While, 
the temperature at which the ferroelectric materials exhibit the structural phase transition from one 
ferroelectric to another ferroelectric phases is simply known as the phase transition temperature. 
 To interpret the properties of ferroelectric materials, the concept of a ferroelectric phase transition 
is very important. Generally, the phase transitions are described by using a quantity referred to as the order 
parameter η(T). With the increase of temperature η(T) decreases and goes to zero at the TC. In case of the 
ferroelectric phase transition, the parameter η(T) is denoted as the polarization. Depending on the nature of 
η(T) and its interaction with macroscopic parameter such as strain, the observed phase transitions in crystals 
are order-disorder, displacive, and electronic types. The order-disorder and the displacive phase transitions 
correspond to order parameters which are primarily atomic, while electronically induced phase transitions 
correspond to an electron-lattice coupled order parameter. 
 
  
 
 
 
 
 
 
 
Figure 1.3 shows the order-disorder and the displacive type phase transitions in terms of single cell 
potential for a special coordinate Q with an anharmonic potential using the equation [23] 
 
V(Q) = aQ2+bQ4,        (1.1) 
 
where constants a < 0 and b > 0. Equation (1.1) attributes to a double well potential with an energy difference 
V0 between the maximum and two minima. In case of V0 >> kT0 where T0 is the transition temperature, the 
phase transition would be associated with the dynamic ordering at one site or orientation. In case of V0 << 
kT0, upon cooling from a high temperature, a cooperative displacements of atoms along Q occurs, which 
describes the limiting case of a displacive type phase transition. In inelastic light/neutron scattering, the 
existence of the soft optic phonon indicates the displacive type phase transition, while the presence of a 
central peak indicates the order-disorder type phase transition in case of ferroelectric materials. 
 
1.3.4 Piezoelectric effect 
The word “piezo” is a Greek word meaning pressure and piezoelectricity means pressure electricity 
[24]. Therefore, piezoelectricity means the ability of materials by which mechanical stress is converted into 
electric charge [25]. In a more precise sense, the application of mechanical stress on some dielectric 
materials induces an electric polarization and this effect is called piezoelectricity. All ferroelectric materials 
Fig. 1.3. Single cell potentials in (a) order-disorder type and (b) displacive type structural phase transitions. 
V(Qi) 
(a) 
V0 V0 >> kT0 
Qi 
V(Qi) 
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V0 << kT0 
V0 
Qi 
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are piezoelectric but all piezoelectric materials are not ferroelectric. In crystals with centrosymmetric 
structure, the piezoelectric effect is understood as a linear electromechanical interaction of the mechanical 
and the electrical states. In case of ferroelectric materials in which the paraelectric phase is centrosymmetric, 
the piezoelectric coefficient dmij, which is third order polar tensor, can be represented as a derivative of strain 
to electric field by the following equations: 
 
dmij = ∂Sij∂Em = QijklPk∂Pl∂Em + QijklPl∂Pk∂Em  , i, j, k, l, m = 1,2,3,                   (1.2) 
 
dmij = QijklPkεlm+QijklPlεkm ,                                                (1.3) 
 
where Sij, Qijkl, and εij are the strain, electrostrictive coefficient, and dielectric permittivity, respectively. 
 
1.3.5 Electrostrictive effect 
Upon the application of an external electric field to a dielectric material, the strain is induced in the 
material which is proportional to the square of the applied field. The electrostriction is an electromechanical 
phenomenon in all dielectric materials in which small displacements of ions in a crystal occur upon the 
application of an external electric field result in overall strain along the direction of the field. The 
electrostrictive effect describes the strain (Sij) induced by the electric field/polarization, which is 
proportional to the square of the electric field/polarization, and is expressed by the following equations: 
 
Sij = MijklEkEl ,                                                                    (1.4) 
 
Sij = QijklPkPl ,                                                                      (1.5) 
 
where Mijkl and Qijkl are the electrostrictive coefficients. The electrostriction is a four-rank polar tensor 
property which can be observed in all crystalline materials [26]. The electrostrictive coefficients are related 
to each other via the dielectric susceptibility which can be expressed by the following relation: 
 
Mijmn =  ∑ χkmχlnQijklkl  ,                                                       (1.6)   
 
where χkm and χln are the dielectric susceptibility. Only for weak fields the Eq. (1.4) holds good. Therefore, 
the Eq. (1.5) is more suitable one to explain the electrostrictive effect. While, for pure electrostrictive effect 
the Eq. (1.6) is always valid. Therefore in ferroelectric materials, the piezoelectric effect is one kind of 
electrostrictive effect biased by Ps. Generally, the piezoelectric effect is much stronger than the 
electrostrictive effect. However in certain materials, the strain direction is independent of the direction of 
field and hysteresis effects are decreased, which make the electrostrictive effect dominant and preferable. 
The most commonly used electrostrictive materials are Pb(Mg1/3Nb2/3)O3 (PMN), PbTiO3 (PT) and PMN-xPT. 
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1.4 Classification of ferroelectrics 
On the basis of dielectric, polarization, and phase transition properties, ferroelectrics can be 
categorized into two types [2,27]: 
 
 (i) Normal ferroelectrics  
(ii) Relaxor ferroelectrics 
 
(i) Normal ferroelectrics: 
In case of normal ferroelectrics, the dielectric constant does not vary with the frequency of the 
measurement and a sharp phase transition about TC is observed. In addition, it undergoes a sharp or progress 
vanishing of Ps corresponds to a first or second order phase transition respectively. Above TC i.e., in a 
paraelectric phase, dielectric constant of normal ferroelectrics follow the well-known Curie-Weiss law:     
 
1
ε
=
T−TC
C
,  T > TC ,                                                                                                         (1.7) 
 
where TC and C are the Curie temperature and Curie constant, respectively. The temperature dependence of 
the dielectric constant of a normal ferroelectric such as BaTiO3 single crystal is shown in Fig. 1.4. 
 
 
 
 
 
 
 
 
 
(ii) Relaxor ferroelectrics: 
In relaxor ferroelectrics (REFs), the dielectric constant shows a strong frequency dependency and a 
broad and diffused phase transition about maximum dielectric temperature Tm is observed as shown in Fig. 
1.5. In the high temperature region, RFEs at first follow the Curie-Weiss law and then start to deviate from 
it below the Burns temperature TB at which dynamic polar nanoregions (PNRs) appear. Therefore, below 
the TB, the dielectric constant no longer obeys the simple Curie-Weiss law and changes with temperature by 
following the phenomenological equation [29]: 
 
1
ε
 = 
1
εm
�1+
(T-Tm)γ
2δ2
� , (T >Tm) ; 1 < γ ≤ 2 ,                                                               (1.8) 
Fig. 1.4. The temperature dependence of the dielectric constant of a BaTiO3 single crystal at some 
selected frequencies [28]. 
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where εm is a maximum dielectric constant at Tm. γ and δ are fitting parameters corresponding to the degree 
of diffuseness of a phase transition. When γ = 1, Eq. (1.8) is the same as the Curie-Weiss equation which 
corresponds to the normal ferroelectrics, while γ = 2 corresponds to the typical relaxor behavior. It is 
believed that such a peculiar properties of REFs attribute to random fields which is related to PNRs. 
 
            
 
 
 
 
 
 
 
 
 
1.5 Theory of structural phase transition of ferroelectrics 
1.5.1 Thermodynamics of the phase transition 
There are many microscopic models which have been proposed to explain the origin of 
ferroelectricity. The most extensively used phenomenological or thermodynamic theory is the Landau-
Ginzburg free energy theory [31,32] in which the thermodynamic potential is expressed in terms of an order 
parameter. Based on this theory, Devonshire developed a phenomenological theory of ferroelectricity by 
choosing the polarization P as an order parameter to explain the ferroelectric phase transition [33,34]. 
Generally, the elastic Gibbs function G1 is the most convenient thermodynamic potential, which can be 
expressed as a function of temperature, stress, and polarization [35]. For simplicity, Devonshire consider a 
ferroelectric crystal having an intrinsic spontaneous polarization Ps along a certain crystallographic axis, 
and express G1 as a function of polarization by the following equation [34]: 
 
G1(T , P) =G0(T ) + 12 𝛽𝛽(T)P2+ 14 ξ(T)P4+ 16 ζ(T)P6+… ,                                 (1.9) 
 
 where in general, the coefficients G0, β, ξ, ζ……., are the functions of temperature T.  G0 is the free energy 
at P = 0. A stable state of a thermodynamic system is described by the minimum value of the free energy G 
(G1 = G, when E = 0). Therefore at a certain temperature, when a crystal exhibits a stable Ps, the conditions 
for the minimum value of G are given by  
  E = �∂G
∂P
�
Ps
= 0,  �𝜕𝜕2G
∂𝑃𝑃2
�
Ps
> 0 , or  �𝜕𝜕𝜕𝜕
𝜕𝜕𝑃𝑃
�
𝑃𝑃𝑃𝑃
= 𝜒𝜒−1 > 0 .                          (1.10) 
 
If Eqs. (1.9) and (1.10) are combined, the equation of state for a ferroelectric system takes the following  
Fig. 1.5. The temperature dependence of the dielectric constant of a Pb(Mg1/3Nb2/3)O3 single crystal at 
some selected frequencies [30]. 
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form:  E = ∂G
∂P
 = Ps�β + ξPs2+ ζPs4� = 0,                                                     (1.11) 
 
χ−1= �β + 3ξPs2+ 5ζPs4� > 0 ,                                                           (1.12) 
 
where E is the Maxwell field (parallel to Ps). The G versus Ps curves are qualitatively shown in Fig. 1.6 (a) 
using the Eq. (1.9) where ξ and ζ are positive. When β is positive, the free energy curve has the single minimum 
 
 
 
 
 
 
 
 
 
 
 
  
at Ps = 0, and when β is negative, the curve acquires a double-minimum at non-zero value of polarization. 
Since the minima correspond to the equilibrium value of polarization as a function of temperature, the 
change of β from positive to negative attributes to the change of stable paraelectric state with P = 0 into a 
ferroelectric state with Ps ≠ 0. This is called the ferroelectric phase transition. For Ps = 0, the Eq. (1.12) can 
be written as: 
 
 χ−1= β > 0 .                                                                       (1.13) 
 
It is obvious that β must be a positive value when the paraelectric phase become stable. Therefore, the 
boundary condition at TC becomes β ≥ 0. By expanding β as a Taylor series of (T-T0) and considering only 
the first term in (T-T0), β can be written as: 
 
β = β0(T − T0) .                                                                      (1.14) 
 
By combining Eqs. (1.13) and (1.14), the dielectric susceptibility can be represented as: 
 
χ = 
1
β (T − T0)  .                                                                                                               (1.15) 
   
The Eq. (1.15) is known as the Curie-Weiss law which is applicable for the dielectric permittivity in a 
paraelectric phase. Since ξ and ζ exhibit a very weak temperature dependence, they can be neglected. 
However, if Ps ≠ 0, one result corresponds to the first order phase transition when ξ < 0, and other result 
P 
G 
T > TC 
T = TC 
T < TC 
(a) 
TC = T0 
T 
χ
-1
 
(c) 
P 
T 
TC 
(b) 
Fig. 1.6. The temperature dependence of (a) the free energy, (b) polarization, and (c) dielectric 
susceptibility for the second order phase transition. 
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corresponds to the second order phase transition when ξ > 0. According to the Devonshire theory, the 
temperature dependence of free energy, polarization, and dielectric susceptibility for the second order and 
first order phase transition are represented in Figs. 1.6 and 1.7, respectively. 
 
 
 
 
 
 
 
 
1.5.2 Devonshire theory 
Devonshire rationalizes the phase and phase transition mechanism of ferroelectric materials in terms 
of Landau-type expansion of the free energy by considering polarization P as an order parameter. He 
presents a straightforward model with a single temperature dependent second order coefficient and three 
temperature independent higher order coefficients for the expansion of the free energy to the six order of P 
[36]. The free energy G can be represented as a function of polarization components Px, Py, and Pz using the 
following relation: 
 
G = 1
2
β(Px2+Py2+Pz2)+
1
4
ξ11
' (Px4+Py4+Pz4)+
1
2
ξ12
' (Py2Pz2+Pz2Px2+Px2Py2)+
1
6
ζ'(Px6+Py6+Pz6) ,       (1.16) 
 
where β is a monotonic decreasing function of temperature. It passes through the zero value in the vicinity 
of a paraelectric to ferroelectric phase transition. Coefficients ξ11
' , ξ12
' , and ζ' are the temperature independent 
and ζ' > 0, ξ12' > 0, and ξ11' < 0. The field component for an unstressed crystal can be obtained from the 
derivatives of G with respect to Px. 
 
Ex=
∂G
∂Px
= βPx+ ξ11' Px3 + ξ12' Px�Py2 + Pz2� + ζ'Px5 .                                                   (1.17) 
 
In the absence of an electric field, the field component Ex must be zero and G must be a minimum for the 
stability. When β is sufficiently large, the minimum of G corresponds to the zero polarization. However, for 
small or negative value of β, the minimum of G will correspond to the finite polarization. In Eq. (1.16), the 
second order term is direction independent, but for a given resultant polarization, fourth and sixth order terms 
have their minima along the axial and diagonal directions, respectively. Therefore, the magnitude of the 
polarization increases with the decrease of temperature and the direction of the polarization changes from  
(a) 
G 
T > TC 
T = TC 
T < TC 
P 
(b) 
TC 
P 
T 
(c) 
TC T0 
T 
χ
-1 
Fig. 1.7. The temperature dependence of (a) the free energy, (b) polarization, and (c) dielectric 
susceptibility for the first order phase transition. 
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the axial to a diagonal one. For a zero electric field, the Eq. (1.17) and similar equations take the form: 
 
Px= 0, or ζ'Px4 + ξ11' Px2 + ξ12' �Py2 + Pz2� + β = 0,  
Py= 0, or ζ'Py4 + ξ11' Py2 + ξ12' �Pz2 + Px2� + β = 0,                   (1.18) 
Pz= 0, or ζ'Pz4 + ξ11' Pz2 + ξ12' �Px2 + Py2� + β = 0.   
For the corresponding minima of G, there are four sets of solution for above equations: 
 
Px = Py = Pz = 0, 
 
Px = Py = 0, ζ'Pz4 + ξ11' Pz2 + β = 0,    
 
Px = 0, Py = Pz , ζ'Pz4 + �ξ11' + ξ12' �Pz2 + β = 0,                          (1.19) 
 
Px = Py = Pz , ζ'Pz4 + �ξ11' + 2ξ12' �Pz2 + β = 0. 
 
Therefore, upon cooling from a high temperature region, the polarization, which is zero in a paraelectric 
phase, will in turn point along a cubic edge, a face diagonal, and a body diagonal directions. As a result, the 
crystal symmetry will be changed from the paraelectric cubic ( Pm3�m) symmetry to tetragonal (P4mm), 
orthorhombic (Pmm2) and rhombohedral (R3m) symmetry successively. The typical directions of 
polarization in the respective phase are shown in Fig. 1.8. 
 
 
 
 
  
 
 
 
 
 
 
 
 
    
Fig. 1.8. Schematic illustration of the polarization direction in (a) cubic phase, (b) tetragonal phase, 
(c) orthorhombic phase, and (d) rhombohedral phase. 
 
(a) (b) 
(c) (d) 
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1.6 Structure of ferroelectrics 
 According to the differences in the bonding, there are several groups of ferroelectrics. The physical 
properties of each group are different from other. In general, the structure of ferroelectrics can be categorized 
into two types: 
 
(i) Cubic perovskite type structure 
(ii) Tetragonal tungsten bronze type structure 
  
1.6.1 Cubic perovskite type structure 
 The term “perovskite” comes from the name Perovsky who discovered the mineral crystals 
composed of calcium titanate with chemical formula CaTiO3. Therefore, the materials which have the 
similar type of crystal structure as CaTiO3 are known as the perovskite structures. Many compounds 
belonging to the perovskite-like structure family exihibit outstanding physical properties. Although CaTiO3 
is the natural mineral representing the perovskite material, BaTiO3 is widely used as a reference material in 
the dielectric industry as well as in the research of ferroelectric materials. The general formula of perovskite 
structure is ABO3 in which A-site contains the cation with larger ionic radius, B-site contains the cation with 
smaller ionic radius, and O is oxygen atom. The crystal structure of ABO3 type cubic perovskite is shown in 
 
 
 
 
 
 
 
 
 
 
in Fig. 1.9. Most of the ferroelectrics with perovskite type structure have either A2+B4+O32- or A1+B5+O32- 
type formula.  The crystals with perovskite ABO3 type structure and its derivative have received a great 
attention, because they can accommodate various metals with a wide range of valences and ionic radii. 
Generally, the perovskite structure is a three dimensional network of a BO6 octahedral unit, it can also be 
considered as a cubic close pack arrangement of A-site and O ions with B-site ions filling the octahedral 
interstitial positions. The competition among the degree of freedom of each sublattice leads to the different 
structural variants such as atom displacements and/or octahedral rotation or tiltings [37-39]. Therefore, more 
or less important distortions from an ideal cubic structure are observed. This type of distortions can be 
limited to the local symmetry: nanoregions or nanodomains or can give rise to the long-range order structural 
phase transition sequence. The perovskite structure has a great importance in materials science because of 
the following reasons: 
Fig. 1.9. A cubic ABO3 type perovskite unit cell. 
BO6 
A 
B O 
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(i) Large number of compounds, very stable structure, variety of properties, many practical applications. 
(ii) Key role of a BO6 octahedral unit in ferromagnetism and ferroelectricity. 
(iii) Extensive formation of solid solutions: material optimization by composition control and phase 
transition engineering. 
The other important factor which plays a vital role in materials with perovskite structure is the tolerance 
factor. The stability of BO6 octahedra can be described by the tolerance factor t using the following relation: 
 
t = 
RA+RO
√2(RB+RO)
                                                                                                               (1.20) 
 
where RA, RB and RO are the ionic radii of A, B and O ions, respectively. The value of t can be used as a degree 
of distortion of the perovskite structure from its ideal cubic phase. Therefore, when the structure is closer to 
the cubic phase, the value of t will be closer to the unity. Generally, the condition to form a stable perovskite 
structure is 0.9 < t < 1.1. Above TC, the materials with perovskite structure have a centrosymmetric structure 
and therefore, lose all spontaneous polarization. In this state, the material is called paraelectric. Upon cooling 
through TC, a phase transition takes place from a paraelectric to a ferroelectric phase. In many ferroelectric 
materials with perovskite structure, the transition from an ideal cubic phase to the tetragonal, orthorhombic, 
and rhombohedral phases are well known. These transitions from cubic perovskite structure are the result of a 
simple distortion of cubic unit cell, or an enlargement of the cubic unit cell, or a combination of both. 
 In case of many perovskites, A- and B-site ions are substituted by different ionic species with 
different valences and ionic radii. As a result, the so-called “perovskite solid solution”, with a general 
formula of A′1−xA″xB′1−xB″xO3 appears. The unusual electromechanical properties of lead-oxide perovskite 
(ABO3) relaxors such as Pb(Mg1/3Nb2/3)O3 (PMN) based Pb(Mg1/3Nb2/3)1-xTixO3 (PMN-xPT), 
Pb(Zn1/3Nb2/3)O3 (PZN) based Pb(Zn1/3Nb2/3)1-xTixO3 (PZN-xPT) have attracted much attention by their 
outstanding piezoelectricity. From the technological point of view, PMN-xPT single crystals with the 
compositions near morphotropic phase boundary (MPB) (x = 0.33-0.37%) are the most attractive in the 
application of piezoelectric devices due to their superior piezoelectric properties [40]. The PMN-xPT single 
crystals with composition near the MPB show the maximum dielectric and piezoelectric responses which have 
a broad range of temperature dependencies [40-42]. These high electrical responses are necessary to increase 
the efficiency and reduce the size of the various devices such as condensers, actuators, and transducers. 
 
1.6.2 Tetragonal tungsten bronze type structure 
 Recently, a great interest of the research on Pb-free materials has been growing owing to the 
emerging demand of such materials in green sustainable technology. Uniaxial RFEs with tetragonal tungsten 
bronze (TTB) structure such as SrxBa1−xNb2O6 (SBN) are Pb-free and very attractive materials for 
technological applications and basic research because of their remarkably effective dielectric, piezoelectric, 
pyroelectric, and photorefractive properties [43-50]. These outstanding physical properties of TTB relaxors 
are useful for modern applications such as sensors, data storage [46,49,51-54] lasers, and holography [55,56]. 
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The unique combination of colossal functional features and Pb-free nature make TTB relaxors the crucial 
materials for research. Upon cooling from high temperatures, TTB relaxors show a ferroelectric phase 
transition from a paraelectric nonpolar 4/mmm to a low-temperature ferroelectric polar 4mm tetragonal 
symmetry owing to the loss of inversion center [43]. Therefore, the spontaneous polarization of TTB 
relaxors has only one single component, which is directed along the tetragonal c-axis. The crystal structure 
of TTB system is shown in Fig. 1.10. The general formula have the form (A1)2(A2)4C4(B1)2(B2)8O30 in 
which six sites are available for A-type and ten sites for B-type cations with corner sharing distorted BO6 
octahedra [57]. In case of SBN, the degree of distortion of a polar NbO6 octahedra changes with the degree 
of disorder at A-sites and their ionic occupancy, which are significantly affected by the size and charge of 
ions. This distortion of NbO6 octahedra induces the characteristic dielectric and ferroelectric behaviors in 
TTB relaxors [58-61], and makes three types of interstitial positions consisting of two square A1-sites, four 
pentagonal A2-sites, and four trigonal C-sites [62]. A1-sites contain only Sr2+ ions and A2-sites contain both 
Ba2+ and Sr2+ ions, but C-sites and one-sixth of all the A-sites (A1+A2-sites) remain unfilled. Vacancies at 
A-sites are considered to be the main sources of quenched random fields (RFs) in the TTB structure. With 
the increase of Sr/Ba ratio, an increase of structural disorder in SBN is observed, that increases the strength 
of RFs and the diffuseness of the ferroelectric phase transition, and decreases TC [46,63,64]. It is believed 
that the quenched RFs create polar nonoregions (PNRs) in the structure which play the vital role in the 
precursor phenomena of the ferroelectric phase transition and results the relaxor-like behavior [65]. 
The CaxBa1−xNb2O6 (CBN) compounds also have the TTB structure with much higher TC and show 
quite similar physical properties as the SBN [66-70]. Therefore, their excellent optical and ferroelectric 
properties make them potential candidates for relatively high temperature applications. In case of CBN, 
most of the Ca2+ ions exclusively occupy A1-sites owing to their smaller ionic radius (1.34 Å), while the 
relatively larger Ba2+ ions (1.61 Å) predominantly occupy A2-sites [71,72]. As a result, the lower degree of 
disorder of Ca2+ and Ba2+ ions in CBN causes weak RFs, which prefers the long range order and results the 
weakly first-order phase transition at TC [65]. Therefore, the diffusive nature of the phase transition of CBN 
is less pronounced than that of SBN, and hence, the dielectric constant shows a sharp peak near TC [73]. 
Fig. 1.10. Schematic representation of tetragonal tungsten bronze structure. 
BO6 
Octahedron 
A1 
A2 
C 
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With the increase of Ca content, TC decreases and the ferroelectric phase transition becomes diffusive 
because of the increase of disorder that indicates the enhancement of RFs [74]. 
 
1.7  Polar nanoregions in relaxor ferroelectrics 
Some disorder is possessed in the structure of both the perovskite and uniaxial TTB relaxors [51,75], 
which plays the dominant role to exhibit their excellent physical properties [76]. The quenched RFs are 
induced by the charged compositional fluctuations [77] which cause the critical slowing down and freezing 
into nanometric polar domains below the maximum dielectric temperature Tm. The sources of RFs in 
perovskite relaxors are the chemical disorder and differences in ionic charge and radius between different 
cations [78], while in TTB relaxors, RFs arise because of the unfilled cation sites [79]. The coupling between 
RFs and ferroelectric degrees of freedom such as soft lattice modes is suggested to generate polar 
nanoregions (PNRs) [80] which are believed to induce all the outstanding properties of REFs [77].  
Generally in REFs, upon cooling from high temperatures, RFs induce the dynamic PNRs at a certain 
temperature so called Burns temperature TB, at which a deviation of the refractive index from its linear 
temperature dependence is observed [81]. The deviation of acoustic phonons from their high temperature 
linearity was also observed at TB [82]. Upon cooling from TB, the size of PNRs begins to grow and the 
interaction among PNRs is initiated, which results the slowing down of their dynamics and forms the 
quasistatic PNRs.  Consequently, a dynamic-to-static transition of PNRs takes place at the intermediate 
temperature T*, below which a rapid increase of PNRs is observed. As a result, PNRs are considered to play 
a dominant role in the relaxor behavior by inducing the frequency-dispersive dielectric anomalies, diffuseness 
of the ferroelectric phase transition, and various precursor phenomena [30,83]. Upon further cooling, most of 
the PNRs become frozen into a nonequilibrium nanodomain state at TC or Tm, whereas RFs restrict the growth 
into macrodomains [67]. Finally, below a certain temperature called the freezing temperature Tf which is below 
TC or Tm, all PNR dipoles become frozen into a nonergodic state similar to some kind of glass-like state [84]. 
The freezing of PNRs attributes to the large and broad peak in the temperature dependence of the dielectric 
permittivity which shows the characteristic frequency dispersion in both the perovskite and TTB relaxors 
[30,85]. The temperature evolution of PNRs and characteristic temperatures of REFs are shown in Fig. 1.11. 
 
 
 
 
 
 
  
 
 
 
Appearance of  
dynamic PNRs 
Start of dynamic to static  
transition of PNRs 
    Maximum of 
dielectric constant 
Freezing 
of PNRs 
TB T* Tf Tm 
Temperature (High to low) 
Fig. 1.11. Temperature evolution of PNRs and characteristic temperatures. Ellipses with red and blue 
arrow represent the dynamic and static PNRs respectively. 
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The schematic representation of the size of a crystal, nanoregions, and unit cell of relaxor ferroelectric 
materials is shown in the Fig. 1.12. In perovskite relaxors, the symmetry of PNRs is rhombohedral (R3m), 
while in TTB relaxors, it is tetragonal (4mm). 
 
 
 
 
 
 
 
 
 
 
1.9 Cluster-glass state in relaxor ferroelectrics  
In a disordered magnetic system, the cluster-glass is a state at which the small cluster of spins 
randomly orient similar to the atomic spins in the spin-glass system where the magnetic spins of the 
component atoms are randomly oriented. Below the ferromagnetic ordering temperature, the cluster-glass 
system also exhibits the spin-glass behavior [86].Therefore, cluster-glass is a kind of spin-glass system. 
However, in a cluster-glass system, groups of spins are locally ordered and form the small domains which 
interact with each other similar to the single spins in simple spin-glass system. A typical cluster-glass system 
exhibits the following characteristics: (a) A large difference is observed between zero field cooling and field 
cooling magnetization, (b) at low temperatures and at a very high magnetic fields, magnetic saturation is not 
observed, and (c) zero field cooling magnetization exhibits long-time relaxation effect which is not observed 
in ferromagnetic systems [87]. 
In case of REFs, a cluster-glass state is formed below TC, where the small ferroelectric 
clusters/domains are induced inside the crystal by the interaction among PNRs and induce a spin glass-type 
random ordering similar to a magnetic system. It was proposed that the cluster-glass state is the ground state 
of all REFs [84]. In normal ferroelectrics, cumulative aging such as the growth into ordered domains is 
observed and does not show any memory and rejuvenation effects. While in dipole/spin glass systems, an 
aging hole is observed in the susceptibility, which shows memory and rejuvenation effects [88]. 
 
1.9 Goals of the present study 
 Most of the perovskite relaxors with a general structural formula ABO3 such as PMN, PMN-xPT, 
PZN, PZN-xPT, and Pb(Sc1/2Ta1/2)O3 are Pb-based. They have been intensively studied owing to their great 
variety of physical properties which are suitable in a wide range of technological applications. From the 
technological view point, PMN-xPT single crystals with compositions near morphotropic phase boundary 
(MPB) (x = 0.33-0.37%) are most promising materials in the application of piezoelectric devices because of 
Fig. 1.12. Schematic representation of the size of a (a) crystal, (b) nanoregions, and (c) unit cell of REFs. 
Crystal (mm) Nanoregions (nm) Unit cell (0.1 nm) 
(a) (b) (c) 
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their superior piezoelectric properties [40]. The PMN-xPT single crystals with composition (x = 0.30, PMN-
30PT) near the MPB show the maximum dielectric and piezoelectric responses and have a broad range of 
temperature dependencies [40-42]. Such a high electrical responses are essential to enhance the efficiency 
and reduce the size of the various devices such as condensers, actuators, and transducers. Up to present, 
many theoretical and experimental efforts have been given to study PMN-xPT system to clarify their 
colossal functional properties, structures, origin of the relaxor nature, and its composition dependences. 
Recently, the electric field dependent dielectric measurements of REFs in relation with the critical end point 
(CEP) have been performed [89-91]. It is observed that their colossal functional properties can be enhanced 
more by applying an external electric field along a certain crystallographic direction. However, till now, the 
origin of the enhancement of these physical properties is an intriguing topic for research. 
Therefore, in this study, the acoustic and dielectric properties of PMN-30PT single crystals have 
been investigated by applying an external dc electric field using Brillouin scattering and dielectric 
spectroscopy to clarify the origin of the field-induced enhancement of dielectric responses. In addition, a 
field-induced memory effect was observed in the dielectric measurement after removing the external field. 
Therefore, the origin of this memory effect induced by the external electric field and the process of erasing 
this memory have also been clarified using dielectric spectroscopy. 
 Although the Pb-based REFs show very unique physical properties, the Pb may affect the 
environment because of its high toxicity. Therefore, from the environmental point of view, the development 
of Pb-free REFs is necessary. Recently, the interest of the research on Pb-free materials has been triggered 
because of their great demand in green sustainable technology. The uniaxial TTB relaxors such as SBN and 
CBN are Pb-free and the research on these REFs is still insufficient and till now, the understanding of their 
intrinsic mechanism is unclear. For modern technological applications and basic research, SBN and CBN 
are the most promising materials because of their markedly effective dielectric, piezoelectric, pyroelectric, 
and photorefractive properties. Up to present, most of the research on uniaxial TTB relaxors have been 
conducted mainly focusing on the composition dependent functional properties and corresponding structures 
features, sources of RFs and the relaxor nature. The stability of ferroelectric domain patterns under local 
electric fields has also been investigated. However, the detail study of the effect of external electric field on 
PNRs is even now insufficient, and the role of PNRs in the paraelectric phase and the ferroelectric domain 
states is still a puzzling issue of materials science. 
The PNRs in the paraelectric phase and the nanodomain state/static PNRs in the ferroelectric phase 
are greatly affected by the external electric field and aging by which they gradually switch into a 
macro/single domain state. As a result, the variation of acoustic properties of the materials such as sound 
velocity and sound attenuation is expected. The Brillouin scattering is an advanced tool to identify the 
frequency shift and width of acoustic phonon modes which are proportional to the sound velocity and sound 
attenuation respectively. Therefore, the application of Brillouin scattering spectroscopy to study the aging 
and electric field effect of the ferroelectric materials is a new initiative of an experimental technique. On the 
other hand, because of the uniaxial spontaneous polarization, SBN and CBN single crystals are suitable to 
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study the effect of an electric field on PNRs above and below TC. Therefore, in this study, the acoustic 
properties of SBN70 (x = 0.70), SBN40 (x = 0.40) and CBN30 (x = 0.30) single crystals have been 
investigated under zero and externally applied dc electric field using the Brillouin scattering to clarify the 
critical nature and related functionality of PNRs and domain states in the uniaxial REFs with TTB structure. 
In addition, experiments on aging below TC and its temperature dependence have also been carried out, 
which will disclose more insights into the understanding of microscopic nature of domain state in a 
ferroelectric phase. 
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Chapter 2 
Inelastic Light Scattering and Dielectric Spectroscopy 
 
2.1 Light scattering 
In a solid material, light is scattered by the fluctuations in the dielectric tensor. The fluctuations of 
certain physical quantities are coupled with the fluctuations in the dielectric tensor. The fluctuations of some 
physical quantities become significant in the vicinity of a phase transition temperature, and provide some 
useful information regarding the dynamical aspect of a structural phase transition. Therefore, the use of light 
scattering is a powerful technique to investigate the structural phase transition phenomena. The obtained 
integrated scattered intensity gives the necessary information related to the total fluctuations of the 
appropriate physical quantity which coherently corresponds to a phase transition. Whereas, the measured 
peak frequency and line width of the spectral power density provide the information about the structure and 
dynamics of the solid materials undergoing the structural phase transition [1-7]. 
In a light scattering experiment, an incident light with angular frequency ω0, which coming from an 
intense monochromatic light source (usually a laser), interacts with the collective excitations exist in the 
medium. These interactions give rise to the scattered light with a wide range of spectral distribution of 
frequencies as shown in Fig. 2.1. 
 
 
 
 
 
 
 
 
 
The peak at the center position of the spectra corresponds to the incident photons which have been scattered 
elastically or quasi-elastically without change in frequency. This is known as Rayleigh/elastic scattering. 
The remaining peaks in the spectra correspond to the inelastic scattering of light and their shifts from ω0 
normally occur in two separate ranges of frequency. One of them is called Brillouin scattering component 
and the other is Raman scattering component as shown in Fig. 2.1. The inelastic scattering of light by low 
frequency acoustic phonons give rise to Brillouin scattering spectra which occurs very close to ω0. The 
typical frequency shifts in Brillouin scattering components are approximately 3~60 GHz (0.1~2 cm-1). 
Whereas, the inelastic scattering of photon by internal vibrations of molecules or optic vibrations in crystals 
Fig. 2.1. Schematic spectra of scattered light. 
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gives rise to Raman spectra which lie at a higher frequency region normally in the range of 10 ∼ 4000 cm-1. 
The spectra of inelastic light scattering can be subdivided into two events namely Stokes and anti-Stokes 
components correspond to the creation and annihilation of the excitation quanta, respectively. 
The kinematics of the scattering of light can be derived either from the quantum mechanical or 
classical viewpoint. Classically, it is assumed that each lattice vibration, (q, ω) perturbs the dielectric 
constant ε in such a way that it can be represented by the following relation [8]: 
  ε  =  ε0 + ∑ εkωexpi(q∙r - ωt) = ε0 + δεq,ω                                                                (2.1) 
 
or, in the tensor form 
 
εij(r,t) = e�i∙ε(r,t).e�j = εij0  + δεij(r,t) .                                           (2.2) 
 
When a plane of monochromatic light wave  E(r,t) = E0 exp i (k0∙r-ω0t)  traverses through a crystal, there 
will be an “excess polarization” δpij = δεijE0/4π, which will give rise to a scattered field Es(r,t). This 
scattered field can be represented in the following form 
 
 Es(r,t) = δεij(r,t)∝ ∑ exp i [ks∙r - �ω0 ± ωq�t] ∫ exp i (k0 ± q - ks).r'dV'Vk,ωq .  (2.3) 
 
The volume integral in Eq. (2.3) provides a δ-function in (k0 ± q - ks), which imposes the wave vector 
conservation. Therefore, there are 3sN normal modes in a crystal, where s is the number of atoms in a unit 
cell and N is the number of unit cell. Kinematically, 3s of the modes (one on each branch) can give the light 
scattering with frequency ω0 in a certain direction. Thus, the scattered field will consist of components at 
ω0 ± ωq, where ωq are the 3s frequencies at which a vertical line at |q| = |k0-ks| ≈ 2|k0|sin 12 φ intersects the 
3s branches of the dispersion curve. It is necessary to decompose δεij(r,t) in terms of Fourier components in 
frequency ω and in wave vector q according to  
  δεij(q,ω)= 12πV � δεij(r,t) exp(iq.r - iωt)∞-∞ d3rdt 
 
= 1
2π ∫ δεij(q,t)e-iωtdt∞-∞  .                                                                        (2.4) 
 
The similar results can be obtained from the second-quantized theory of lattice dynamics, where each normal 
mode {q,ω} can be expressed in terms of a number of quanta (phonons) with energy of ℏω and crystal 
momentum ℏq.  
 
 
  
 
 
ω0k0 ωsks 
q, ωq 
Phonon creation 
(Stokes event) 
ω0k0 
ωsks 
q, ωq 
Phonon annihilation 
(anti-Stokes event) 
Fig. 2.2. Typical diagram for the first order photon-phonon scattering. 
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The light scattering event is induced by the creation or annihilation of a phonon as shown in Fig. 2.2. The 
conservation of momentum and energy between the phonons and photons provide for Stokes event 
 
ks = k0-q 
                                                                                                                                                (2.5) 
ωs = ω0-ωq                                                               
 
In case of anti-Stokes event 
 
ks = k0+q 
                                                                                                                                                (2.6) 
ωs = ω0+ωq                                                      
        
From Eq. (2.4), the spectral power density of the scattered light can be determined as 
   Iij(q,ω) ∝ �δεij(q,ω)�2 ∝ 12π � dt e-iωt<δεij(q,t)δεij(q,0)>∞
-∞
 
 
∝ [n(ω)+1]Imδχij(q,ω).                                             (2.7) 
 
The second identity in Eq. (2.7) is the result of Wiener-Khinchin theorem and the angle brackets express 
ensemble (thermal) average. The third identity is the fluctuation-dissipation theorem in which χij is the 
dielectric susceptibility, n(ω) is the Bose-Einstein population factor at frequency ω, which is given by 
  n(ω) = 1
exp� ℏω
𝑘𝑘BT
�-1
 ,                       (2.8) 
 
where kB is the Boltzmann constant and ħ is the Dirac constant. 
It is observed from Eq. (2.7) that the spectral power density of scattered light is proportional to the 
Fourier transform of the time correlation function of the fluctuation of dielectric tensor δεij(q,t). Therefore, 
the mechanism underlying the structural phase transition in a solid material is contained in the time 
correlation function <δεij(q,t)δεij(q,0)>. The order parameter, polarization P in case of ferroelectric 
materials, can be approximately characterized by the quantities coherence length and correlation time. It is 
necessary to mention that the spectral intensity is proportional to the imaginary part of dielectric 
susceptibility. It is very useful for analyzing a spectrum. 
 
2.2 Brillouin scattering 
2.2.1 Theory of Brillouin scattering 
As the values of wave vector q are very small, therefore, the components because of the acoustic 
phonon modes appear at very low frequencies compared to those of optic phonon modes, and are measured 
by Brillouin scattering. While, the optic phonon modes are measured by Raman scattering. The basic 
difference between Brillouin and Raman scattering arises from the dispersion relation of quasi-particle 
generated. The Brillouin process is considered when the frequency is zero for q = 0, while the Raman process 
is considered when ω(q = 0) ≠ 0. Since the long wavelength acoustic phonon modes involve in-phase 
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motion of all atoms in a unit cell, the atomic displacements are almost unchanged over the distances in the 
order of ≈ 100 unit cells, therefore, one may discuss these phonon modes in terms of an elastic continuum mode. 
In Brillouin scattering, the Stokes and anti-Stokes doublet are symmetrically located about the 
unshifted line appears due to the Bragg-like scattering by propagating sound waves in a solid medium. The 
condition of the Bragg-like scattering is as follows  
   
λ = 2Λsin ϕ
2
 ,                                                                                                                     (2.9) 
 
where λ, φ, and Λ are the wavelength of light in a medium, scattered angle, and wavelength of the 
propagating sound wave, respectively. The components of Brillouin scattering are then because of a Doppler 
shift ∆ω due to the movement of atomic grating via the propagation of sound wave. Hence, ∆ω is given by 
 
Δω = ωs- ω0 = ± 2 cvω0n sin 12 ϕ 
 
= ± 2 vn|k0|sin 12 ϕ = ± 4 πnλ0 v sin 12 ϕ ,                                 (2.10) 
 
where ω0 and ωs are the incident and scattered light frequencies, respectively, n is the refractive index of 
the medium, and k0 is the wave vector of incident light. The above Eq. (2.10) was first derived by Brillouin 
in 1922, and it was observed that the frequency shifts are linear function of sin 1
2
ϕ, and a maximum shift can 
be obtained for the back scattering geometry (ϕ = π). In the long wavelength limit, for a particular q, the 
polarization and frequencies of three acoustic modes can be obtained from elastic constants Ciklm using the 
following equation of motion: 
 
ρ?̈?𝒖 = Ciklm ∂2um∂rk∂rl  , (1 ≤ i, k, l, m ≤ 3),                                                                 (2.11) 
 
where u(r,t) is the local displacement vector. The solution of Eq. (2.11) can be simplified by the restrictions 
placed on the elastic constants by crystal symmetry [9]. The plane wave solutions to Eq. (2.11) can be 
obtained for a given q, and one can find 3 modes, usually of mixed polarization. Only for a particular 
direction of q, one pure longitudinal and two pure transverse modes can be found.  
One can solve the optical coupling between dielectric tensor and strain completely in terms of Poockel’s 
elasto-optic or photoelastic constants Pmn [9]. In 6-component notation, the strain field Xn distorts the reciprocal 
dielectric tensor (or dielectric impermeability tensor, 2nd rank polar tensor) Bm by following the relation 
 
ΔBm= PmnXn , m, n =1 ~ 6,                    (2.12) 
 
However, in Brillouin scattering, q→0 limit of acoustic modes attribute to the rigid translation of the crystal 
as a whole, and does not perturb the dielectric constant. The Brillouin effect is observed only in the limit 
q ≠ 0. Therefore, unlike Raman scattering, Brillouin scattering tensors depend on the direction of q as well 
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as E0 and Es. As a result, one cannot generate a single set of scattering tensors comparable to Raman 
scattering tensors, but can be compelled to calculate the scattering tensors for each direction of q. For all 
crystal systems, Brillouin scattering tensors for different directions of q were reported in Ref. 10. 
 
2.2.2  Brillouin scattering tensors and selection rules 
By assuming the plane wave solutions ui = ui0expi(q∙r-ωt), and substituting this in Eq. (2.11) we 
have 
�Ciklmqkql-ρ𝜔𝜔
2δim�um0 = 0 .                                          (2.13) 
 
This equation have non-trivial solutions only if the secular determinant vanishes: 
 
�Ciklmqkql-ρ𝜔𝜔
2δim� = 0 ,                                                                                     (2.14) 
 
where qk and ql are the components of q.  
In case of long wavelength acoustic modes, ω = vq where v is the appropriate velocity of sound. Hence 
 
�Ciklmqkql-ρ𝑣𝑣
2δim� = 0 .                               (2.15) 
 
If the elastic constants Ciklm of the crystal are known, Eq. (2.15) can be solved for every direction of q, which 
will give three eigenvalues of velocity vi (i = 1, 2, 3). If each of vi can be put back in Eq. (2.15), the 
displacement eigenvectors corresponding to each vi can be determined. When q is selected in the high 
symmetry direction, the displacement eigenvectors will be parallel or perpendicular to q, which corresponds 
to one longitudinal (L) and two transverse (T) modes. For general directions of q, the displacement vectors 
can be neither parallel nor perpendicular to q, which results in the mixed polarization modes. The mixed 
polarization modes in this case are indicated by QL (quasi-longitudinal) or QT (quasi-transverse) in order 
to show that displacement vector is more nearly parallel or perpendicular to q. 
In case of long wavelength limit, the distortion of local dielectric constant is caused by the local 
strain through elasto-optic or photo-elastic effects. By multiplying the 6-component stain with the 6 × 6 
Pockel’s tensor gives the 6-component ∆B which can be converted to 3 × 3 forms of ∆Bαβ. When xyz-axes 
are selected to correspond to principle axes of the dielectric tensor, ∆Bij are related to the change in dielectric 
tensor εij which can be expressed as [8]: 
 
δεij = -ε0iiε0jj∆Bij .                                                                      (2.16) 
 
Hence, one can get the distortion in dielectric tensor induced by an acoustic wave by a tensor 
 
�δεij� = quT ,                                                                              (2.17) 
 
where the element Tij of the tensor T is εiiεjj times ∆Bij/qu. The Rayleigh ratio, which is the differential cross 
section per unit volume, can be derived from excess dipole moment per unit volume pi(r) = δεijEj0/4π.  
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If we consider that the excitation of each acoustic mode is in the thermal equilibrium at temperature T, then: 
 
<(qu)2> = k𝐵𝐵T/2Vρv2.                                                     (2.18) 
 
Therefore, for Rayleigh ratio of the j-th acoustic mode (j = 1, 2, 3) with velocity vj, by considering e0 and es 
as unit vectors in the direction of the polarization of incident and scattered fields [5,11,12], we have 
 
Rj= kTπ
2
2λs
4ρvj
2 �es.T
j.e0�
2
�
ns
n0
� ,                                                         (2.19) 
 
where λs denotes the wavelength of the scattered light.  
For scattering geometries at which sound waves propagate along high symmetry directions, the 
structure of the T-tensors is sufficiently simple so that selection rules can be derived without specifying the 
numerical values of elastic constants. Scattering tensors for a number of high symmetry directions in each 
of the crystal classes have been reported previously in the literature [5,7,11,13]. 
 
2.3 Dielectric spectroscopy 
In case of an isotropic and linear dielectrics, the time dependent polarization P(t) and dielectric 
displacement D(t) are related to the time dependent electric field E(t) and the susceptibility χ by the relations: 
 
P(t) = χE(t) ,                                                                             (2.20a) 
 
D(t)= εE(t) ,                                                                               (2.20b) 
 
where ε = 4πχ+1, is the dielectric constant. In dynamical case, the polarization and dielectric displacements 
are ceased from Eq. (2.20) when the frequency ω of time dependent electric field with amplitude E0 [ E(t) = 
E0cosωt] is very high, because the motions of the microscopic particles cannot follow the changes in the 
filed fast enough. At this condition, D(t) can also be expressed in terms of ω, an amplitude, D0, and a phase 
difference, δ, with respect to the electric field as: 
  D(t) = D0cos(ωt-δ) ,                                                         (2.21) 
 
Therefore, the value of phase difference varies with the change in frequency of the electric field. For very 
low frequency, δ becomes zero approaching to quasi-static state. D(t) can be divided into two parts, one is 
the in phase with E(t) and other having the phase difference of π/2, by the relation 
 
D(t) = D0cosδ cosωt + D0sinδ sinωt ,                                 (2.22) 
 
By defining cosδ = ε
'(ω)E0
D0
 and sinδ = ε
''(ω)E0
D0
,  D(t) can be written as 
 
D(t) = ε'(ω)E0 cosωt + ε''(ω)E0 sinωt ,                         (2.23) 
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where the quantities ε'(ω) and ε''(ω) are the real and imaginary parts of the frequency dependent complex 
dielectric constant ε*(ω). Equations (2.22) and (2.23) will be equivalent when, D0 = √ε'2+ε''2 and tanδ = ε
''
ε'
. 
ε'(ω) is considered as the generalization of dielectric constant for sinusoidally varying fields and ε''(ω) 
describes the energy loss in the dielectrics. The typical frequency dependence of ε'(ω) and ε''(ω) for all polar 
compounds in a condensed phase is shown in Fig. 2.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The frequency dependence dielectric constant and loss factor are different in different frequency ranges. At 
low frequency regions, ε'(ω) is equal to static dielectric constant ε′ and ε''(ω) is zero. With the increase of 
frequency, at first, ε'(ω) decreases rather slowly, while there are sharp increases followed by a decrease in 
the higher frequencies of the electromagnetic waves  such as IR, visible light, and UV. The ε''(ω) shows a 
peak in the neighborhood of the frequencies where  ε'(ω) varies. The non-equilibrium effects, appear with 
the increase in frequency, arise from the electric polarization which consists of three parts i.e., the electronic, 
atomic, and orientational polarization. Each part corresponds to the motions of electrons, atoms, and 
molecules and ions, respectively, with different characteristic times. In orientational polarization region, the 
broad absorption peaks as shown in Fig. 2.3 indicate that there is no discrete energy level exist for the 
rotational motion of molecules because of the manifold interactions. Therefore, the orientationl polarization 
is characterized by the relaxation process and the polarization induced by a number of relaxation processes. 
The complex dielectric constant can be represented in terms of relaxation (with relaxation time τ) as: 
 
ε*(ω) = ε∞+ ε - ε∞1+iωτ                                                              (2.24) 
 
with real and imaginary part as: 
 
ε'(ω) = ε∞+ ε - ε∞1+ω2τ2 ,                                                            (2.25) 
 
ε''(ω) = (ε-ε∞)ωτ
1+ω2τ2
 .                                                                            (2.26) 
Frequency, ω 
ε′ 
ε′′ 
Dipolar 
Electronic 
Ionic 
Fig. 2.3. Typical illustration of dielectric dispersion and loss tangent of polar compound. 
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In order to account for broader peaks in ε''(ω) more realistically, it is supposed that different parts of 
orientational polarization decline with distribution of relaxation times with the distribution function g(τ) as: 
 
ε*= ε∞+ (ε-ε∞) ∫ 𝑔𝑔(𝜏𝜏)𝑑𝑑𝜏𝜏1+𝑖𝑖𝑖𝑖𝜏𝜏∞0                                                      (2.27) 
with             ∫ g(τ)dτ = 1∞0 .                                                                    (2.28) 
 
The existence of dielectric dispersion in a complex dielectric response is one of the important characteristics 
of relaxor ferroelectric materials. Therefore, it is very important to study the dielectric properties to clarify 
the relaxor nature of ferroelectric materials.  
 
2.4 Instrumentation 
2.4.1 Brillouin scattering spectroscopy 
2.4.1.1 Functions of Fabry-Perot interferometer 
In 1899, the Fabry-Perot interferometer (FPI) is designed by C. Fabry and A. Perot with a marked 
improvement over the Michelson interferometer. The FPI is used in a high resolution spectroscopy where 
MHz to GHz resolution is required. The FPI consists of two plane mirrors which are mounted accurately 
parallel to each other with the optical spacing L1 between them. For a given optical spacing L1, the 
interferometer transmits only a certain wavelength 𝜆𝜆 as determined by 
 
 T = τ0
1+�4F
2
π2
� sin2 (2πL1
λ
)
 ,                                     (2.29) 
 
where τ0 (<1) denotes the maximum possible transmission determined by losses in the system, and F is the 
finesse which is a quality factor depending primarily on the flatness and mirror reflectivity. Equation (2.29) 
represents that only those wavelengths satisfying the following condition and for an integral values of m, 
will be transmitted. 
 
L1=
1
2
mλ.                                                                                                  (2.30) 
 
The schematic illustration of the condition is shown in Fig. 2.4. 
 
 
 
 
 
 
 
 
 Fig. 2.4. Two successively wavelengths transmitted from a single FPI. 
∆δ 
∆λ 
λm λm+1 
T 
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The F is related to the spacing between successive transmitted wavelengths Δλ which is known as the free 
spectral range (FSR) and the width ∆δ of a given transmission peak, can be represented by the following 
equation: 
 
 F = Δλ/∆δ.                                                                         (2.31) 
 
Since the FPI is used as a spectrometer by changing L1, therefore it can be used to scan the light intensity at 
different wavelengths. However, for a certain L1, the measured intensity will be the sum of intensities for 
all wavelengths satisfying the Eq. (2.30).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Therefore, an unambiguous interpretation of the spectrum is impossible unless it is known a priori that the 
light spectrum entirely lies within a wavelength spread <Δλ. It is true since 
 
Δλ = λ2/2L1.                                                                         (2.32) 
 
It is apparent from Eq. (2.32) that Δλ can be made arbitrarily large by decreasing L1. However, Δδ increases 
proportionally with the increase of Δλ and consequently, the resolution of spectra decreases. In fact Eq. 
(2.31) represents the finesse F which is just the ratio between FSR Δλ and the resolution Δδ of the spectra. 
In practice, because of limitations on the quality of mirror substrates and coatings, F cannot be increased 
much greater than about 100. Therefore, the relation between FSR and resolution is fixed within the limits 
which can be determined by the achievable values of F. 
 
2.4.1.2 Tandem Febry-Perot interferometer 
Based on the concept of a scanning stage, it is possible to enhance the functionality of FPI by 
combining two interferometers on a single scanning stage in order to achieve both statically and dynamically 
stable synchronization. The most convenient arrangement is a Vernier system as shown in Fig. 2.6 where 
the spacing of second interferometer L2 is close to L1. The wavelengths transmitted by the combination 
obviously satisfy simultaneously the following condition for integral values of m and n: 
T 
FP2 
FP1 
Tandem 
Wavelength 
Fig. 2.5. The transmission properties of (a) FP2, (b) FP1, and (c) FPs in series. 
(a) 
(b) 
(c) 
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L1 = 12 mλ  and L2 = 12 nλ.                                                     (2.33) 
 
 
 
 
 
 
 
 
 
 
 
 
 
The combined transmitted light passing successively through both FP1 and FP2 is shown in Fig. 2.6 in a 
schematic view, where L1 and L2 are set independently so that they transmit a given wavelength λ. The 
neighboring transmission peaks do not coincide; however, FSR of the FP1 form the transmission peaks 
again coincide after several times. Small “ghosts” of intervening transmission peaks exist because the 
transmission of either interferometer as show in Eq. (2.29) never falls exactly to zero. Therefore, the FSR 
of the tandem system is increased by a considerable factor over that of the single interferometer keeping the 
similar resolution Δδ. In order that the first ghost is not too noticeable and one should chose L1 and L2 in 
such a way that F > L1/(L1-L2). The optimum value of the ratio L2/L1is around 0.95. 
It is important to scan two interferometers synchronously by changing L1 and L2 simultaneously in 
order to use the tandem interferometer system as a spectrometer. It is observed from Eqs. (2.30) and (2.33) 
that in order to scan a given increment of wavelength, the change of spacing δL1 and δL2 must be satisfied 
by the following condition: 
 
 δL1
δL2
 = L1
L2
 .                                                                           (2.34) 
 
The typical values of δL1 and δL2 are 1 to a few μm. The operation principle of a practical scanning tandem 
FP is shown in Fig. 2.6, which was designed by Sandercock. The first interferometer FP1 is arranged in such 
a way that it lie in the direction of the movement of translation stage, where one mirror sits on translation 
stage and other on a different angular orientation device. The second interferometer FP2 lies on its axis with 
an angle θ to the direction of scan, where one mirror is placed on the translation stage in a close proximity 
to the mirror of FP1 and the other mirror is for adjustment purposes. The relative spacing between the 
mirrors is set so that that the movement of the translation stage to the left would bring both set of mirrors 
into the simultaneous contact. While, the movement of translation stage to the right sets the spacing to L1 
and L1cosθ.  As a result, a scan of δL1 of the translation stage creates the change of spacing δL1 in FP1 and 
δL1cosθ in FP2. In other words, Eq. (2.34) is satisfied in which the two interferometers scan synchronously.  
L1 
L2 = L1cosθ 
θ 
Translation stage 
Direction of movement FP1 
FP2 
Fig. 2.6. Schematic view of the operation of a tandem Fabry-Perot interferometer. 
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2.4.1.3 Optics for a six-pass tandem Febry-Perot interferometer 
  
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Schematic illustration of the optical arrangement of Brillouin scattering system, which was designed by 
Sandercock [14,15] using the combination of two interferometers FP1 and FP2, is shown in Fig. 2.7. In the 
present study, an optical microscope used for the backward scattering geometry [16]. A diode pumped solid 
state (DPSS) laser with the wavelength of 532 nm is employed into the optical microscope with the aid of a 
small mirror to focus the sample. The scattered light is collected by the objective lens, which enter into the 
FP interferometer via the adjustable pinhole P1. The aperture A1 then determines the cone of light which is 
accepted. Mirror M1 reflects the light towards the lens L1, and after the collimation, the reflected light 
redirects to FP1 via the mirror M2. The redirected light is then passed through aperture 1 of the mask A2, 
and is entered into FP2 via the mirror M3. After transmission through FP2, the light is reflected back from 
the 90o prism PR1 and directed towards FP2 in parallel. Then the reflected light continues along FP1 through 
the aperture 2 of A2 via mirror M3. After passing through FP1 and the lens L1, the light is focused onto the 
mirror M4 through the underneath of the mirror M1. The light is then returned back from the mirror M4 and 
collimated by the lens L1. After collimation, the light is directed towards FP1 via the mirror M2. The 
combination of lens L1 and mirror M4 which lie on the focus of L1 is known as a catseye, and is optically 
equivalent to a corner cube but has the advantage that it also acts as a spatial filter which can remove 
undesirable beams such as beams reflected from the rear surfaces of mirrors of interferometer. After final 
transmission through interferometers, the light is directed towards the prism PR2 via the mirror M5. The 
combination of prism PR2, lens L2, and the output pinhole forms a bandpass filter with a width which is 
determined by the size of pinhole. The mirror M6 sends the light into the photomultiplier via the aperture 
A3, lens L2 and output pinhole. Finally, the resultant scattered signal is recorded by a multi-channel analyzer 
Fig. 2.7. Optics for a Sandercock type 3+3 pass tandem interferometer equipped with microscope 
and photo multiplier. 
A1 
M1 
M2 M3 
M4 
M5 
M6 
A2 
A3 
L1 
L2 
PR1 PR2 
Sample 
Object lens 
Microscope 
PM tube 
FP1 
FP2 
Control unit 
Input 
pinhole Output pinhole 
DPSS Laser 
Computer 
Photon counter 
Translation stage 
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(MCA). However, every optical component including two FPs inside the box of interferometer has 
adjustable screws for convenient operation, and thus we have followed the six (3+3) pass light optics without 
detail explanation of the optical adjustments. Special techniques such as stabilization, isolation of vibration, 
and assurance of linear scan are employed and realized by the control unit. 
 
2.4.2 Dielectric spectroscopy 
 
   
 
 
 
 
 
 
 
The schematic diagram of the dielectric measurement system is shown in Fig. 2.8. The sample is 
placed in a home-made box furnace. The temperature of the furnace is controlled within a range from room 
temperature to 1000 K by a LakeShore 331 temperature controller with a Chroma 62012P-80-60 
programmable dc power supply. The dielectric constant of the sample is measured by using a LCR meter 
(Agilent 4263B). A dc electric field is applied to the sample by using a power supply (Matsusada P4K-80H) 
with the help of an external bias text fixture. The data are collected with the aid of a PC by using NI 
LabVIEWTM software in terms of capacitance and dielectric loss. The real ε′ and imaginary ε′′ part of the 
dielectric constant are determined by the following equations: 
 
ε′ = 
CP d
ε0 A
  and D = 
ε′′
ε′
,                                                                                                  (2.35) 
 
where CP and D are the experimentally measured quantities, capacitance and dielectric loss, respectively. 
ε0, d, and A denote the permittivity of free space (8.85×10-12 F/m), thickness of the sample, and the surface 
area of electrodes of the sample, respectively. 
 
 
 
 
  
 
LCR meter 
dc 
voltage 
source 
Temperature 
controller 
Programmable dc power supply 
Furnace 
Sample 
Fig. 2.8. Schematic diagram of dielectric measurement system. 
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Chapter 3 
Effect of Electric Field on Relaxor Ferroelectric 0.30Pb(Mg1/3Nb2/3)O3-
0.70PbTiO3 Single Crystals with Strong Random Fields 
 
3.1 Introduction 
According to the differences in frustration and randomness, there are several families of relaxor 
ferroelectrics (REFs) and the physical properties of each family are different from other. As for example, 
Pb(Mg1/3Nb2/3)O3 (PMN) does not undergo a ferroelectric phase transition due to the suppression of the 
percolation of polar clusters by strong random fields (RFs). While Pb(Zn1/3Nb2/3)O3 (PZN) undergoes a 
ferroelectric phase transition around 140 K and the long range order is observed in the ferroelectric phase. 
In addition, the REFs (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) are more important than (1-
x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-xPT) for the application to the piezoelectric devices. The PMN-xPT 
single crystals with ABO3-type perovskite structure are the solid solution of relaxor PMN and normal 
ferroelectric PbTiO3 (PT), and have been extensively studied during the last several decades owing to their 
exceptional piezoelectric and electromechanical responses [1-4]. From technological viewpoint, the PMN-
xPT single crystals are very attractive and important REFs for device application and basic research, because 
they exhibit a great variety of physical properties which will give new insights into REFs with high 
efficiency that are necessary for further advanced applications. In REFs, it is suggested that the polar 
nanoregions (PNRs) appears due to the coupling of ferroelectric degrees of freedom such as the soft lattice 
mode with RFs induced by off-centering of A and B site cations [5]. It is believed that the dynamics of 
PNRs, which are originated at the Burns temperature TB, play the vital role to exhibit the very high dielectric 
constant, piezoelectric and electromechanical coefficients of REFs. In order to clarify the role of PNRs in 
REFs, many theoretical and experimental investigation have been carried out [6-10]. However, the behavior 
of the dynamics of PNRs is still a long way to understand. The PMN-xPT single crystal with composition 
near the morphotropic phase boundary (MPB) i.e., x = 30% (PMN-30PT) exhibits the maximum dielectric 
and piezoelectric coefficients which have a broad range of temperature dependencies [11]. These high 
electrical responses are extremely necessary to enhance the efficiency of the various devices such as 
actuators, transducers, and condensers, which require a large capacitance/mechanical strain along with the 
small size. 
Many experimental efforts have been paid to investigate the origin of the huge electrical response 
of REFs near MPB compositions. The observation of stabilized monoclinic (M) symmetry [12-14] is one of 
the most important findings for REFs with the composition near MPB [15-18]. The importance of 
polarization rotation in M phases was explained by Devonshire-Landau phenomenological theory and also 
first-principles calculations to clarify the large electrical responses [16,17]. The compositions near the MPB, 
the energy states of different phases are very close to each other. As a result, different phases may coexist 
in a crystal and can be switched from one to another phase via polarization switching/rotations by the 
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application of an external electric field. Therefore, a lot of experiments have been performed on the field 
induced phase changes in PMN-xPT single crystals with compositions near the MPB. In the tetragonal (T), 
rhombohedral (R), and orthorhombic (O) phases, the spontaneous polarization appears along the [001], 
[111], and [101] directions, respectively. While in the monoclinic A (MA), B (MB) and C (MC) phases, the 
polarization vectors appear on the (110), (100) and (010) planes, respectively [13,16,17], and can be rotated 
more easily than that in the R and T phases even under a small external electric field [15,18]. However in 
PZN-xPT REFs family, PZN-8%PT single crystal with composition near the MPB, a successive rotation of 
the spontaneous polarization was observed by applying an external electric field along the [001] direction. 
The spontaneous polarization of the zero-field R phase, which is directed along the [111] direction, starts to 
follow the polarization path to the T phase with [001] direction of polarization via an intermediate MA phase, 
and after that jumps irreversibly to an alternative path of the MC. As a result, a successive phase transition 
path R→MA→MC→T was observed [18]. A similar phase transition path was observed by increasing the 
strength of electric field along [001] direction in a zero field cooling condition of the PMN-30PT single 
crystal, which belongs to PMN-xPT REFs family. After removing the external electric field, the MA phase 
was observed instead of R phase [19], while in PZN-8%PT, the MC phase was observed which was different 
from the PMN-30PT [18]. However, the inhomogeneity in REFs was also discussed by multidomain states 
[20], the coexisting states of R and T phases [21,22], an adaptive phase consisting of nanodomains [23], and 
the local polarization rotation [24] to clarify the very large electrical responses. It was suggested that by 
applying an external electric field, the effective domain-wall size increases in the crystal with composition 
near the MPB, and the regions of metastable R (T) phase transforms to the thick domain walls of the stable 
T (R) phase in the coexisting states [21,22]. A strong negative correlation of the crystal coherence length at 
sub-µm scale with the electrical response was also reported [25].  
In most recent, the electric field dependent measurements of REFs in relation to the critical end 
point (CEP) were studied, and it was suggested that the high electrical responses in REFs can be enhanced 
more by applying an external electric field along a certain crystallographic direction [26-28]. However, the 
origin of these enhancement of the physical properties is still an intriguing topic for research. Near the MPB 
composition, the intermediate M and O phases were observed between R and T phases of PMN-xPT 
depending on the applied field direction [19,26,27,29-32], and their influence on the acoustic properties is 
currently under extensive investigations [33,34]. Owing to the coupling of strain with polarization 
fluctuations, acoustic properties of the material show anomalous behaviors during the structural phase 
transitions. Brillouin scattering spectroscopy is a very powerful tool to observe the change in acoustic 
properties of the material by measuring the frequency shift and width of the acoustic phonons which are 
proportional to the sound velocity and sound attenuation, respectively. 
Therefore, in present study, the acoustic and dielectric properties of PMN-30PT single crystals were 
investigated under zero and external dc electric field using Brillouin scattering and dielectric spectroscopy 
to clarify the origin of the field-induced enhancement of dielectric responses. 
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3.2 Experimental methods 
A (001)-oriented plate of (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (x = 0.30, PMN-30PT) single crystal with 
7x7 mm2 surfaces and 0.5 mm thickness was used for measurements. In order to apply an external dc electric 
field (E) along the [001] direction, the gold plate electrodes were coated on larger surfaces of the crystal. 
Brillouin scattering spectra were measured at the back scattering geometry with mirror spacing of 2 mm and 
a free spectral range of 75 GHz by using a six pass Sandercock-type tandem Fabry-Perot interferometer 
(JRS TFP-1) with the combination of a reflection optical microscope (Olympus BX-60) [35]. As an 
excitation source, a diode pumped solid state (DPSS) laser such as a single frequency green Yttrium 
aluminium garnet (YAG) laser (Coherent Compass 315M-100) with a wavelength of 532 nm and 100mW 
output was used. The sample was placed inside a heating/cooling stage (Linkam HTMS600) and the 
temperature was controlled within a range from room temperature to 873 K with the stability of ±0.1 K. 
A LCR meter (Agilent 4263B) with an external bias text fixture was used to measure dielectric constant 
of the sample. For the application of external dc electric field along [001] direction, a power supply (Matsusada 
P4K-80H) was used. The sample was placed in a home-made furnace and the temperature of the sample was 
controlled by a temperature controller (LakeShore 331) with a programmable dc power supply (Chroma 62012P-
80-60). Before the start of every measurement, the electrodes of the sample were short-circuited at a high enough 
temperature for 15 min to remove any memory effect exist from the previous treatments. 
 
3.3 Results and discussion 
3.3.1 Effects of temperature 
 
 
 
 
 
 
 
 
 
 
The typical Brillouin scattering spectra of the PMN-30PT single crystal at some selected temperatures on 
zero filed heating (ZFH) process are shown in Fig. 3.1. These spectra consist of the Brillouin peak doublet 
which is attributed to the scattered longitudinal acoustic (LA) phonon near the Brillouin zone center, and a 
central peak (CP) related to the relaxation processes. The observed Brillouin spectra were fitted by using Voigt 
functions, a convolution of Lorentzian and Gaussian functions where the width of the Gaussian function was 
fixed as an instrumental function, to obtain the Brillouin shift νB, the full width at half maximum (FWHM) ΓB, 
Fig. 3.1. Brillouin scattering spectra of a PMN-30PT single crystal at some selected temperatures on ZFH. 
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and the peak intensity of phonon modes. Temperature dependences of νB and ΓB of the LA mode were plotted 
in Figs. 3.2(a) and 3.2(b), respectively. The νB shows a clear deviation from the high temperature linear 
dependency near TB = 630 K, and this acoustic anomaly is due to the appearance of dynamic PNRs which 
scatter the LA phonon. A significant thermal hysteresis was observed in νB between ZFH and zero field cooling 
(ZFC) processes as shown in Fig. 3.2(a), and the νB demonstrate a much sharper minimum at about 376 K on 
the ZFH, that reflecting the relaxor nature of PMN-30PT single crystal. Similar acoustic hysteresis behavior 
were reported in other REFs [36-41]. To confirm the relaxor nature of PMN-30PT, the temperature dependence 
of the relaxation time of LA mode τLA was determined from νB and ΓB by using the following equation [42]: 
 
τLA=
ΓB-Γ∞
2π �ν∞2 -νB2 � 
 ,                                                                                                         (3.1) 
 
where Γ∞ is the background damping estimated from FWHM at the highest temperature in Fig. 3.2(b), and 
ν∞ is the LA shift in the very high temperature region (>TB), where it shows a linear temperature dependence.  
  
 
 
 
 
 
 
 
 
 
The inverse of τLA as a function of temperature is shown in Fig. 3.3, where the solid line represents the best 
fitted curve using the following equation [43]: 
 
1
τLA
=
1
 τ0
+
1
 τ1
�
T-TC
TC
�
β
, (1 ≤ β) for T > TC ,                                                           (3.2) 
Fig. 3.2. Temperature dependences of (a) the LA shift on ZFH and ZFC and (b) the LA FWHM on ZFH. 
Fig. 3.3. Temperature dependence of inverse relaxation time shows the stretched slowing down of Eq. (3.2). 
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where the stretched index β = 1.0 indicates a normal critical slowing down in the absence of RFs, while β > 
1.0 indicates the stretched slowing down of the relaxation time with increase of the strength of RFs [35]. In 
Fig. 3.3, β = 2.6 indicates that PMN-30PT single crystal exhibits the stretched slowing down of PNRs with 
the presence of strong RFs. 
In dielectric measurements, the clear thermal hysteresis of dielectric constants ε′ and its weak 
frequency dependence were also observed, which signify the first order nature of the ferroelectric phase 
transition with the presence of RFs [44].  In Fig. 3.4(a), a deviation of the inverse dielectric constant from 
 
  
 
 
 
 
 
 
 
 
 
 the Curie-Weiss law, and a broad and diffused phase transition at the maximum dielectric temperature Tm 
= 404K were observed. Therefore, the following “extended Curie-Weiss law” [45] were used to fit the 
dielectric data in a paraelectric phase: 
 
1
ε
=
1
 εm
 �1+
(T-Tm)γ
2δ2
� , (T > Tm), 1 < γ ≤ 2,                                                                 (3.3) 
 
where εm denotes the maximum dielectric constant, γ and δ represent the fitting parameters which indicating 
the degree of diffuseness of the phase transition. For normal ferroelectrics, the exponent γ = 1, while in case 
of typical REFs, γ = 2. Figure 3.4(a) shows the best-fitted curve by using Eq. (3.3), where the fitting 
parameters εm = 32288, γ = 1.74 and δ = 13.35 were obtained. The observed value of γ = 1.74 signifies that 
PMN-30PT single crystal is highly relaxor with strong RFs.  From Fig. 3.4(b), it was clearly observed that 
the inverse dielectric constant starts to deviate from its high-temperature linear dependency from 630 K 
which was identified as TB in Brillouin scattering measurement. Therefore, the results obtained from 
dielectric measurements were consistent with Brillouin scattering measurements. 
  
3.3.2 Effects of external electric field 
3.3.2.1 Temperature dependences under constant electric field 
The temperature dependence of the Brillouin scattering spectra under external dc E = 0.5 kV/cm 
and 1.0 kV/cm along the [001] direction on cooling are shown in Fig. 3.5. On cooling under E = 0.5 kV/cm, 
Fig. 3.4. Temperature dependence of the inverse dielectric constant at 10 kHz on ZFH. 
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a very interesting feature is that the frequency shift of the LA mode exhibits splitting below a specific 
temperature at about 351 K as shown in Fig. 3.5(a). Consequently, an additional weak peak of transverse 
acoustic (TA) mode appears at about 29 GHz. The splitting of LA mode and the appearance of TA mode 
clearly indicate that the PMN-30PT single crystal undergoes a ferroelectric phase transition at 351 K under 
E = 0.5 kV/cm. The splitting of LA mode disappears under higher electric field E ≥ 1.0 kV/cm as shown in 
Fig. 3.5(b). It indicates that under the lower E the crystal consists of two states, one is the ferroelectric 
macrodomain with high-frequency LA (LAH) mode induced by external E and the other is the nanodomain 
state with low-frequency LA (LAL) mode caused by RFs. Under higher E, the crystal possesses only single 
domain with LAH mode, which signifies a complete switching of nanodomain to a macro/single domain 
states. This observation is supported by the fact that under E = 0.5 kV/cm, LAL mode corresponds to the 
nanodomain state caused by RFs and its frequency shift is very similar to that of under the ZFC process. 
While, the frequency shift of LAH mode under E = 0.5 kV/cm is almost similar to that of under E = 1.0 
kV/cm at which the splitting of LA mode disappears by a complete switching of nanodomain into the 
macro/single domain states. Hence, LAH mode corresponds to the field-induced ferroelectric macro/single 
domain states. Therefore, under E = 0.5 kV/cm, an incomplete switching of the nanodomain state causes the  
  
 
 
 
 
 
 
 
 
 
 
Fig. 3.5. Brillouin scattering spectra measured under (a) E = 0.5 kV/cm and (b) E = 1.0 kV/cm 
along the [001] direction on cooling. 
Fig. 3.6. Temperature dependence of ε′ under (a) E = 0.5 kV/cm and (b) E = 1.0 kV/cm along the 
[001] direction on heating. 
LAL 
LAH 
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coexistence with a macrodomain state, which results the appearance of two LA modes at the same time 
below 351 K on cooling process. Similar phenomena were reported in PMN-17PT single crystal [36] and 
the strontium barium niobate, a uniaxial tungsten bronze relaxor, under the field cooling process [41,46].  
Similar results were also observed in dielectric measurements. The M and T phases are absent in 
PMN-30PT single crystal under E = 0 [32], and the R to cubic (C) phase transition was observed at TR–C = 
404 K on heating. Under E = 0.5 kV/cm as shown in Fig. 3.6(a) and 0.8 kV/cm (figure not shown), the M 
and T phases coexist and the observed successive phase transitions become R→MA→T→C and 
R→MC→T→C, respectively [19,32]. While, under E = 1.0 kV/cm as shown in Fig. 3.6(b), the M phase 
disappears and the phase transition sequences R→T→C were observed [47]. This observation indicates that 
under the lower E the multidomain/mixed state appears by the coexistence of M and T phases. Under the 
higher electric field i.e., E ≥ 1.0 kV/cm, the M phase disappears and the multidomain/mixed state changes 
to a single domain state and the T phase becomes stable due to the complete switching of polarization from 
rhombohedral [111] to tetragonal [001] directions [47]. 
 
3.3.2.2 Critical end point 
  
 
 
 
 
 
 
 
 
 
 
The CEP is the upper limit of the critical E at which the energy of polarization rotation is decreased 
significantly [26]. At the CEP a giant electromechanical response of REFs can be observed. As shown in 
Fig. 3.7(a), the CEP was observed at 1.2 kV/cm and at 398 K. The highest dielectric constant was observed 
at the CEP, and above which the dielectric constant starts to decrease and phase transition become second 
order. The observed Tm−E phase diagram of the PMN-30PT single crystal is shown in Fig. 3.7(b). 
In this study, below the CEP, the LA mode splitting was observed in Brillouin scattering spectra. 
Consequently, M and T phases appear between R and C phases in dielectric spectra. This observation 
signifies the existence of multidomain/mixed states. Above the CEP, the splitting of LA mode and M phase 
disappear, and consequently, T phase becomes stable which indicates that the multidomain/mixed states 
changes into the single domain state. From this result, it is clear that the CEP is the boundary line between 
the multidomain/mixed and single domain states. Therefore, it was suggested that at CEP, the transition 
Fig. 3.7. (a)Temperature dependence of dielectric constants under various E at 1 kHz, and (b) Tm - E 
phase diagram of PMN-30PT single crystal. 
(a) (b) 
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from multidomain/mixed states to a single domain state is the origin of the maximum electric responses in 
the PMN-30PT single crystal with the composition near the MPB [48]. 
 
3.3.2.3 Electric field dependences at constant temperature 
 
 
 
 
 
 
 
 
 
 
Figure 3.8(a) shows the electric field dependence of Brillouin scattering spectra at some selected 
electric fields just after ZFC and at 304 K. As shown in Fig. 3.8(b), the LA velocity (VLA) was determined 
from νB using the relation VLA = λνB/2no, where λ is the wavelength of laser light used (532 nm) and no is 
the ordinary refractive index of the crystal at λ. The reported value of no is 2.544 for the PMN-30PT single 
crystal at the wavelength of 532 nm [49]. In a ferroelectric phase below TC, by applying external E to the 
ZFC crystal, a discontinuous transition of VLA from a nonequilibrium nanodomain state-A induced by RFs 
to an intermediate state-B of coexisting nano- and macrodomains was observed at 1.05 kV/cm. With further 
increase of E, the state-B changes into the equilibrium state-C at 2.6 kV/cm, which mainly comprises a 
single domain state owing to the complete switching of nonequilibrium nanodomains into the equilibrium 
macro/single domain states. Similar behavior was also observed in TTB relaxor [41]. 
 
3.4 Conclusions 
A remarkable thermal hysteresis between ZFH and ZFC was observed which reflects the relaxor 
nature of PMN-30PT single crystal. The Burns temperature TB = 630 K was reported from the temperature 
dependences of the frequency shift of LA mode and the dielectric constant. The fitting of the temperature 
dependence of inverse relaxation time shows the stretched index β = 2.6, which indicates that PMN-30PT 
single crystal is a relaxor with strong RFs. The effect of the external dc electric field along the [001] direction 
was clearly observed. Under the low electric field, the splitting of LA mode was observed owing to the 
mixed state consisting of field-induced macrodomains and nanodomains caused by RFs. Under sufficiently 
high electric filed, the nonequilibrium nanodomain state changes into the equilibrium macro/single domain 
states. The CEP was reported at 1.2 kV/cm and at 398K which is the boundary line between the 
multidomain/mixed and a single domain states. At the CEP, the transition from multidomain/mixed state to 
LAH 
LAL 
LAH LAL 
Fig. 3.8. (a) Electric field dependence of (a) Brillouin scattering spectra and (b) LA velocity at 304 K. 
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a single domain state was suggested to be the origin of the maximum electric responses in PMN-30PT single 
crystal with composition near the MPB. Therefore, the CEP can be a new driving mechanism for the 
polarization rotation and the related giant electromechanical response of REFs. The above findings can be 
helpful in searching for the new materials with ultrahigh performance. 
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Chapter 4 
Field-Induced Memory Effect of Relaxor Ferroelectric 0.30Pb(Mg1/3Nb2/3)O3-
0.70PbTiO3 Single Crystal Studied by Dielectric Spectroscopy 
 
4.1 Introduction 
The (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (PMN-xPT) single crystals are the most attractive relaxor 
ferroelectrics (REFs) for technological applications and fundamental research owing to their outstanding 
physical properties. They demonstrate a very high values of dielectric, piezoelectric, and electromechanical 
coefficients [1-5], which are extremely required to reduce the size and enhance the efficiency of the various 
electromechanical devices such as condensers, actuators, and transducers. Therefore, during last several 
decades, many experimental efforts have been paid to study (PMN-xPT) relaxor family as a functions of 
temperature and external electric field to clarify the origin of these exceptional physical properties. Recently, 
the electric field dependent experiments on REFs in relation to the critical end point were carried out [6-9], 
and an increase of the above properties under electric field was reported. Upon the application of an external 
electric field (E) along the [001] direction to a (001)-oriented PMN-30PT (x = 0.30) single crystal, an 
intermediate monoclinic (M) phase was observed between rhombohedral (R) and field-induced tetragonal 
(T) phases [9-11]. However, after removing the external E, the M and T phases were still existed [10]. 
Similar behaviour were reported in other REFs Pb[(Zn1/3Nb2/3)0.92Ti0.08]O3 (PZN-8PT) [12]. After poling the 
PZN-8PT single crystal in a paraelectric phase, an internal bias field was observed on zero field cooling 
process, consequently an increase of the polarization in a T phase and a decrease of the T-R phase transition 
temperature were reported [13]. It was reported that the field cooling process actually leave a memory of 
dipolar defect alignment in the crystal which acts as an internal bias. This internal bias make tetragonal 
domains preferable with a [001] polar vector. Similar phenomena were also observed in a Ce-doped 
Sr0.61Ba0.39Nb2O6 relaxor poled in a paraelectric phase where external E induces a preferred orientation for 
polar vector that exists even after cyclic heating and cooling through phase transition temperature [14]. 
Based on the neutron diffuse scattering of PZN-8PT crystal, G. Xu et al. reported that the effect of external 
E disappears above the Curie temperature (TC) and reappears again after zero field cooling below TC and 
even persists after the extensive thermal cyclic measurements through TC [15]. It was also speculated that 
the effect of E may be kept in memory by phonons associated with polar nanoregions (PNRs). 
It is believed that dynamic PNRs induced by random fields, appear at the Burns temperature TB, 
begin to grow on cooling, and a dynamic-to-static transition of PNRs occurs at the intermediate temperature 
T* below which PNRs grow rapidly. By further decrease in temperature, most of the dynamic PNRs are frozen 
into nanodomains at TC. When the crystal is poled above TC, the dynamic PNRs try to be aligned along the 
field direction, and on subsequent cooling below TC, PNRs can be frozen with a preferred orientation induced 
by the external E. It can also be expected that the field induced preferred orientation can exist up to T* above 
which all the PNRs become dynamic. It can be speculated that there must be a relation of field-induced memory 
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with the dynamics of PNRs in REFs. Therefore, for the application in devices, it is extremely required to reveal 
the cause of this memory effect and the actual process to complete erase of this memory. 
In the present study, the dielectric properties of PMN-30PT single crystal were investigated under 
zero and external E in various conditions by using the dielectric spectroscopy to clarify the origin of the 
field-induced memory and the process of erasing this effect. 
 
4.2 Experimental methods 
The (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (x = 0.30, PMN-30PT) single crystals with (001)-oriented plate 
and 0.5 mm thickness were used for the dielectric measurements. For application of external E along the 
[001] direction, gold plate electrodes were coated on the 7×7 mm2 surfaces of the crystal. In order to measure 
the dielectric constant ε′, the Agilent 4263B LCR meter with an external bias text fixture was employed. 
The temperature of the sample was controlled in a home-made furnace by using LakeShore 331 controller 
along with a programmable dc power supply (Chroma 62012P-80-60). A dc power supply (Matsusada P4K-
80H) was used as a source of external E. 
 
4.3 Results and discussion 
 
 
 
 
 
 
 
 
 
 
 
The temperature dependent ε′ of the PMN-30PT single crystal under constant electric fields along 
the [001] direction on heating are shown in Fig. 4.1.  For each of the measurements, a zero field cooled 
crystal with completely erased memory was employed. It was reported that under zero electric field, the T 
and M phase are absent in PMN-30PT single crystal, and the observed phase transition is R−cubic (C) at TR-
C = 404 K on heating [9,11,16]. In temperature dependent dielectric measurements under E = 0.5 kV/cm, M 
and T phases were observed between R and C phases, and three successive phase transitions were reported 
at TR-M = 373 K, TM-T = 392 K and TT-C = 403 K on heating [9-11]. When the field strength was increased at 
E = 1.0 kV/cm and above, M phase disappeared and the observed phase transitions were R → T → C, where T 
phase becomes stable because of the complete switching of polarization from rhombohedral [111] to tetragonal 
Fig. 4.1. Temperature dependences of ε′ of a PMN–30PT single crystal under constant electric 
fields along the [001] direction on heating. 
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[001] direction [9,16]. After removing the external E, the observed dielectric spectra measured on ZFH were 
different from the initial ZFH spectra without field treatment. This fact indicates the presence of a strong 
memory effect of E in PMN-30PT single crystals. 
 
 
 
 
  
 
 
 
 
 
 
Figure 4.2 shows the temperature dependences of ε′ measured under E = 0 kV/cm on heating after 
the following processes: (1) apply E in a paraelectric phase, (2) cooling down to the room temperature (RT) 
and remove the E, and (3) short-circuiting (SC) the electrodes of the sample at different temperatures for 
different duration of time and cooling down to RT. After applying E = 1.0 kV/cm at 580 K and removing 
the field at RT, the electrodes were first short-circuited at RT for 10 hrs. An additional peak at 370 K was 
observed in the dielectric spectra on ZFH i.e., under E = 0 (pink curve in Fig. 4.2) which was similar to that 
spectra measured under E = 0.5 kV/cm as shown in Fig. 4.1 (pink curve). When the external E is applied on 
the crystal at higher temperature in a paraelectric C phase and cooled down to RT, PNRs are frozen with the 
preferred orientation induced by the external E [14]. This preferred orientation of frozen PNRs can act as an 
internal bias field, which results the dielectric spectra similar to that of under E = 0.5 kV/cm. When the 
electrodes of the sample were short-circuited for 10 min at 580 K (close to TB = 630 K [9]) where all PNRs 
become dynamic, the shape of the spectra was completely recovered [17]. Similar results were also observed 
when the sample was poled with higher E up to 3.5 kV/cm (blue curve in Fig.4.2). 
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Fig. 4.2. Temperature dependences of ε′ under E = 0 on heating after poling the crystal and SC 
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In order to clarify the correlation between memory effect and PNRs, this effect was also studied by 
dielectric measurements under E = 1.0 kV/cm after SC the electrodes of a poled crystal for a different 
duration of time in different high temperature regions as shown in Fig. 4.3. Under E = 1.0 kV/cm, a complete 
switching of nanodomain into the macro/single domain states was observed in Brillouin scattering 
measurements [9]. Therefore, E = 1.0 kV/cm is sufficient to complete switching of not only the dynamic 
PNRs above TC but also nanodomains or frozen PNRs near TC. When the electrodes were short-circuited for 
10 min at 510 K which is below T* = 523 K [9] where dynamic-static transition of PNRs starts, the shape 
of dielectric spectra was slightly recovered (pink curve in Fig. 4.3). When the electrodes were short-circuited 
at 500 K for longer period of time (100 min), the recovery of the shape of dielectric spectra was slightly 
enhanced (orange curve in Fig. 4.3). This observation indicates that below T*, the field-induced memory in REFs 
decays with a very small rate. When the electrodes of the sample were short-circuited only for 10 sec at 580 K, 
the shape of dielectric spectra were almost similar to the initial zero field cooled crystal under 1.0 kV/cm. 
Therefore, the following process was confirmed: after (1) applying the external E above T*, (2) 
cooling down to RT, and (3) removal of the external E, all the dynamic PNRs become frozen with the 
preferred orientation induced by external E. As a result, after SC the electrodes of the poled sample at RT, 
the memory effect of E still exists. When the SC temperature increases towards T*, the probability of the 
erase of memory effect also increases. Above T*, all PNRs become dynamic and as a result, SC the 
electrodes above this temperature erases the preference of the previous orientation of PNRs. Therefore, the 
shape of the dielectric spectra is completely recovered which indicates the complete recovery from the 
memory effect [17]. This observation is quite important and useful not only for the field-dependent 
experiments on REFs but also their application in devices. 
 
4.4 Conclusions 
Dielectric properties of REFs PMN-30PT single crystals were investigated under the external 
electric field along the [001] direction. The strong memory effect of an electric field was observed in a field 
cooled crystal owing to the freezing of dynamic PNRs with a preferred orientation of polarization induced 
by external electric field. The decay rate of this memory effect is very slow below T*, while it increases 
rapidly with the increase of the sample temperature towards TB. A strong correlation between the memory 
effect and freezing of the dynamics of PNRs was observed. Short-circuiting the electrodes near TB for a very 
short duration of time removes the preference of the previous orientation of PNRs, and this fact signifies the 
complete recovery from the field-induced memory effect. These observations provide a new insight into the 
REFs that can be helpful for the advancement of the device applications. 
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Chapter 5 
Effect of Electric Field on Acoustic Properties of Uniaxial Relaxor Sr0.70Ba0.30Nb2O6 
Single Crystals with Strong Random Fields 
 
5.1 Introduction 
Most of the perovskite relaxors such as Pb(Mg1/3Nb2/3)O3 (PMN), (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 
(PMN-xPT), Pb(Zn1/3Nb2/3)O3 (PZN), (1-x)Pb(Zn1/3Nb2/3)O3-xPbTiO3 (PZN-xPT), and Pb(Sc1/2Ta1/2)O3 are 
Pb-based and have been extensively studied owing to their great variety of physical properties which are 
suitable in a wide range of technological applications. Although the Pb-based relaxor ferroelectrics (REFs) 
demonstrate excellent physical properties, they contain Pb which may affect the natural environment 
because of its toxicity. Therefore, from the environmental point of view, the development of Pb-free REFs 
is now indispensable matter in applied physics. Due to the emerging demand of Pb-free materials in green 
sustainable technology, a great interest of the research on Pb-free materials has been growing. 
Uniaxial RFEs with tetragonal tungsten bronze (TTB) structure such as SrxBa1−xNb2O6 (SBN) are Pb-
free and fascinating materials for technological applications and fundamental research because they 
demonstrate markedly effective dielectric, piezoelectric, pyroelectric, and photorefractive properties [1-8]. 
These colossal physical properties of TTB relaxors are extremely essential for applications in modern devices 
such as sensors, data storage [4,7,9-12] lasers, and holography [13,14]. The unique combination of outstanding 
physical features, uniaxial spontaneous polarization and Pb-free nature provides SBN single crystals an extra 
dimension of research interest. However, most of the REFs with TTB structure are Pb-free, but till now the 
detail study on these REFs is not sufficient and the understanding of their insight mechanism is still unclear. 
Up to the present, many experiments have been carried out on uniaxial TTB REFs to discuss their 
different structural features, functional properties, origin of the relaxor nature and its composition 
dependence. The relaxor nature of SBN61 (x = 0.61) was studied by using Brillouin scattering, dielectric 
and pyroelectric measurements, and from nonlinear dielectric responses, the growth of polar nanoregions 
(PNRs) into the long-range ferroelectric domains was reported near and below the Curie temperature TC 
[15-17]. The appearance of quasistatic PNRs near TC in a paraelectric phase was reported by piezoresponse 
force microscopy (PFM) and Raman scattering experiments [15-19]. The existence of characteristic 
temperatures namely, Burns temperature TB and intermediate temperature T* of SBN75 (x = 0.75) were 
confirmed by acoustic emission experiments, and the effect of external electric field on the ferroelectric 
phase transition temperature was reported [20]. The electric field-induced orthorhombic phase was also 
identified within a modulated incommensurate tetragonal structure of SBN75 by low-temperature acoustic 
emission [21]. The single domain state induced by the electric field and its spontaneous back switching were 
observed in SBN61 by using Brillouin scattering spectroscopy and PFM [22,23]. Recently, an automated 
electron diffraction tomography with beam precession was employed to confirm the room-temperature 
tetragonal symmetry of SBN and CaxBa1−xNb2O6 (CBN) single crystals [24]. The dielectric response of 
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SBN81 (x = 0.81) single crystals were studied in a wide frequency range of 103 to 1013 Hz, and several 
relaxations corresponding to the fast polarization mechanisms below the phonon frequencies were observed 
which play the vital role in the dielectric response of the crystal [25]. It was also reported that the main 
contribution to the dielectric permittivity comes from a strong relaxation present in a GHz range at high 
temperature region, which slows down on cooling. The stability of ferroelectric domain patterns induced by 
local electric fields in pure and Ce-doped SBN61 and SBN75 were reported by PFM [26]. However, the 
detail study of the effect of external electric field on acoustic properties of TTB REFs in relation to the 
dynamics of PNRs is even now insufficient, and under external electric field, the role of PNRs in the states 
above and below TC is still an unsolved issue of materials science. 
Therefore, in the present study, the acoustic properties of SBN70 single crystals with strong RFs 
were investigated by using Brillouin scattering spectroscopy as functions of temperature and external 
electric field to clarify the critical nature and related functionality of PNRs above and below TC. 
 
5.2 Experimental methods 
SrxBa1-xNb2O6 (x = 0.70, SBN70) single crystals were grown by the Czochralski method [27]. A 
(001)-oriented plate (c-plate) crystals with 5 × 5 mm2 surfaces and 1 mm thickness were used for 
experiments, where the surfaces of the crystal were polished to optical quality. For the application of an 
external dc electric field along the [001] direction, silver paste electrodes were coated on larger surfaces and 
a hole of 1 mm radius was created on one of the surfaces of the crystal for entering the laser beam. A 
Brillouin scattering system with a high-contrast six pass Sandercock-type tandem Fabry-Perot 
interferometer (JRS TFP-1) combining with of a reflection optical microscope (Olympus BX-60) was 
employed to measure the Brillouin spectra in a back scattering geometry with a mirror spacing of 2 mm and 
a free spectral range of 75 GHz [28]. For excitation source, a single frequency green Yttrium aluminium 
garnet (YAG) laser (Coherent Compass 315M-100) with output power of 100mW and wavelength of 532 
nm was used. In order to control the temperature of the sample a heating/cooling stage (Linkam THMS600) 
with a stability of ± 0.1°C was used.  Prior to the each measurement, electrodes of the sample were short-
circuited and heated for 30 min at a sufficiently high temperature to remove any memory effect of electric 
field retained from previous treatments. 
 
5.3 Results and discussion 
5.3.1 Effects of temperature 
The typical Brillouin scattering spectra of a c-plate SBN70 single crystal measured in the c(a,a+b)c� 
scattering geometry at some selected temperatures on zero field heating (ZFH) process are shown in Figure 
5.1(a). The observed scattering intensity vs temperature and frequency shift was plotted in a contour map as 
shown in Fig. 5.1(b), where the elastic scattering was removed in the vicinity of 0 GHz. The obtained Brillouin 
spectra consist of the Brillouin peak doublets which correspond to the scattered longitudinal acoustic (LA) and 
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transverse acoustic (TA) phonon modes near the center of Brillouin zone. It was clearly observed that a very 
weak TA peak persists in the entire temperature range of -70 to 500 °C as shown in Figs. 5.1(a) and 5.1(b). 
According to the selection rules, the TA mode is forbidden in backward scattering geometries for the 
tetragonal 4mm or 4/mmm point group except in the c(ab)c� scattering geometry [15], that is included in the 
c(a,a+b)c� geometry. Therefore, the presence of the TA mode above and below TC observed in the c(a,a+b)c� 
geometry signifies that SBN70 single crystals belong to tetragonal symmetry in both the high-temperature 
paraelectric and low-temperature ferroelectric phases. To obtain the frequency shift νB, full width at half 
maximum (FWHM) ΓB and peak intensity of the phonon modes, the measured Brillouin spectra were fitted by 
Voigt functions, which are convolutions of Lorentzian and Gaussian functions where the Gaussian function  
 
 
 
 
 
 
 
 
 
 
 
was fixed as an instrumental function. The temperature dependence of νB and FWHM of the LA mode 
obtained from fitting were plotted in Figs. 5.2(a) and 5.2(b), respectively. In Fig. 5.2(a), a marked diffuseness  
Fig. 5.1. (a) Brillouin scattering spectra of a c-plate SBN70 single crystal at some selected temperatures 
on ZFH. (b) Contour map of the scattering intensity vs temperature and LA frequency shift (red and blue 
colors indicate the high and low intensities, respectively). The elastic scattering near 0 GHz was removed. 
Fig. 5.2. Temperature dependences of (a) the LA shift on ZFH and ZFC and (b) the LA FWHM on ZFC. 
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was observed in the LA shift near TC on both ZFH and zero field cooling (ZFC) processes. In addition, a 
remarkable thermal hysteresis in the LA shift between ZFH and ZFC was also observed below TC. These 
results signify that SBN70 single crystals undergo a diffused ferroelectric phase transition because of the 
incomplete switching of nanodomains caused by the presence of strong quenched random fields (RFs) on 
ZFC. Similar acoustic phenomena were also observer in other typical REFs [22,29-32]. 
The acoustic properties such as sound velocity and sound attenuation become very sensitive at the 
characteristic temperatures of PNRs and show anomalous behavior via the scattering of LA phonons by 
PNRs [33]. Therefore, FWHM of the LA mode was measured as a function of temperature in a wide range 
of temperature between -70 and 500 ºC on ZFC as shown in Fig. 5.2(b), which is proportional to the sound 
attenuation. From Fig. 5.2(b), upon cooling from high temperature, a deviation of FWHM from its linear 
temperature dependence in the high-temperature region was observed near 350 ºC because of the nucleation 
of dynamic PNRs that scatter the LA phonons and result in an increase of the LA width. Upon further 
cooling, a rapid increase in the LA width was also observed below 185 ºC owing to the start of dynamic-to-
static transition of PNRs, where the scattering of LA phonons by these static PNRs dominates [34]. 
Subsequently at TC, most of the PNRs become static/frozen within a ferroelectric nanodomain state. As a 
result, the increase in the scattering of LA phonons by PNRs is stopped at TC. Therefore, the characteristic 
temperatures of PNRs correspond to the SBN70, i.e., TB = 350 ºC, T* = 185 ºC, and TC = 23 ºC, were 
determined from the temperature dependence of the LA width on ZFC as shown in Fig. 5.2(b) [35]. It was 
interesting that, the obtained TB and T* were similar to those of SBN61 and SBN75 [20,22], and seem to be 
common for all possible compositions of SBN. A similar composition-independent behavior of TB and T* 
was also reported in other Pb-based relaxor with perovskite structure [36]. In order to confirm the relaxor 
nature of SBN70, the temperature dependence of the relaxation time of LA mode τLA was estimated from νB 
and ΓB by using the following equation [37]: 
 
τLA=
ΓB-Γ∞
2π �ν∞2 -νB2 � 
,                                                                                                        (5.1) 
 
where Γ∞ is the background damping determined from FWHM at the highest temperature in Fig. 5.2(b),  
 
 
 
 
 
 
 
 
 
 Fig. 5.3. Temperature dependence of inverse relaxation time obeys the stretched slowing down. 
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and ν∞ is the LA shift in the very high temperature region (>TB), where a linear temperature dependence of 
νB is observed. The temperature dependence of the inverse of τLA is shown in Fig. 5.3, where the solid line 
shows the best fitted curve using the following equation [38]: 
 
1
τLA
=
1
 τ0
+
1
 τ1
�
T-TC
TC
�
β
, (1 ≤ β) for T > TC ,                                                           (5.2) 
 
where the exponent β = 1.0 corresponds to a normal critical slowing down in the absence of RFs, and β > 1.0 
corresponds to the stretched slowing down of relaxation time with the increased strength of RFs [28]. After 
fitting of the data shown in Fig. 5.3, β = 2.58, τ0= 0.33 ps, and τ1=8.3 ps were obtained, which indicate the 
stretched critical slowing down of PNRs, and such a high value of β indicates that SBN70 single crystal is 
a relaxor with strong RFs. The typical value of β = 3.0 was reported for the Pb-based relaxor PZN-7PT [38]. 
 
5.3.2 Effects of external electric field 
The LA velocity (VLA) was calculated from νB by using the relation VLA = λνB/2no, where λ and no 
are the wavelength of laser light used (532 nm) and the ordinary refractive index of the crystal at λ, 
respectively. For SBN70 single crystal, no = 2.359 at λ = 532 nm was reported [39]. Since nanodomains in 
REFs are very sensitive to the external electric field (E), the related anomalies of VLA can be expected from 
its temperature dependence under the external field. The temperature dependences of VLA under E = 0 and 
2.0 kV/cm dc field along the [001] direction on heating and cooling processes are shown in Figure 5.4. On 
 
 
 
 
 
 
 
 
 
 
 
 
field heating (FH) from 23 ºC under E = 2.0 kV/cm, no anomaly was observed in VLA as shown in the inset 
of Fig. 5.4. The temperature dependence of VLA under E = 2.0 kV/cm shows a similar fashion to that of ZFH 
curve (red curve in Fig. 5.4) with a small decrease in magnitude. On subsequent continuous field cooling 
(FC) from 250 ºC under the same E, TC (=23 ºC) was shifted to 36 ºC, below which a marked increase of 
VLA was observed as shown in the olive curve of Fig. 5.4. This anomaly of VLA was due to a complete 
suppression of RFs by an external electric field on cooling from the high-temperature region, and hence 
Fig. 5.4. Temperature dependences of LA velocity of a SBN70 single crystal under E = 0 and 2 kV/cm 
along the [001] direction on heating and subsequent cooling. 
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forming macro/single domains in the ferroelectric phase. The most of PNRs become static/frozen in a low-
temperature ferroelectric phase and a glass-like nonergodic state is formed by RFs [40], while in a high-
temperature paraelectric phase below T*, the most of PNRs are quasistatic and interaction between 
themselves is very weak. Therefore, E = 2.0 kV/cm is not sufficient to align nanodomains on FH in a 
ferroelectric phase, whereas the same E can easily align most of the quasistatic PNRs along the field 
direction in a paraelectric phase. On first FH under E = 3.0 kV/cm as shown in the inset of Fig. 5.5, a rapid 
 
 
 
 
 
 
 
 
 
 
 
 
increase of VLA was observed and a sharp peak was found at about 36 oC owing to a complete 
switching/alignment of nanodomains into a field-induced macro/single domain state. Beyond the maximum, 
a marked decrease of VLA was observed towards TC. By increasing the strength of E to 3.0 kV/cm, TC was 
shifted towards a higher value (47 ºC), at which a sharp minimum of VLA was observed. This indicates that 
by applying the external E, the long-range ferroelectric order is enhanced and therefore TC shifts towards the 
higher value. On subsequent continuous FC and second FH under E = 3.0 kV/cm (olive and magenta curves 
in Fig. 5.5, respectively), the observed minima of VLA were identical to that of the first FH process, whereas 
the anomaly of VLA at 36 ºC was absent. Consequently, a marked decrease of diffuseness of the phase 
transition and remarkable increase of VLA were observed in the ferroelectric phase owing to the complete 
suppression of nanodomains by the external E during the previous FH process. From Figs. 5.4 and 5.5, it 
was clearly seen that, by increasing the strength of E, the suppression of VLA was enhanced in the paraelectric 
phase. Obviously, the quasistatic PNRs in a paraelectric phase are also aligned and stabilized by the strong 
E. As a result, the electrostrictive coupling between the local polarization of PNRs and the strain becomes 
stronger and therefore, VLA becomes smaller than those on ZFH and ZFC above TC under strong E. When 
the strength of E decreases, the difference in VLA also decreases. 
By applying an external E to a ZFC crystal near TC along the ferroelectric c-axis, i.e., along the [001] 
direction, a splitting of the LA mode was observed at 3.4 kV/cm as shown in Fig. 5.6. As a result, a 
discontinuous transition of VLA from a nonequilibrium nanodomain state induced by quenched RFs to an 
intermediate/mixed state with coexisting nano- and macrodomains was observed. Where, the low-frequency 
Fig. 5.5. Temperature dependences of LA velocity of a SBN70 single crystal under E = 0 and 3 kV/cm 
along the [001] direction. 
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LA (LAL) mode corresponds to the nanodomain state induced by quenched RFs and the high-frequency LA 
(LAH) mode corresponds to the macrodomain state induced by the external E. Due to the existence of strong 
RFs, this coexisting state persists up to 9.0 kV/cm by an incomplete switching of the nonequilibrium 
nanodomain into the equilibrium macro/single domain states. A similar phenomena were also reported in 
the CBN30 single crystal [41]. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7 shows the electric field dependence of Brillouin scattering spectra of the LA mode of a 
SBN70 single crystal at some selected electric fields at 23.3 ºC. By increasing E from zero to 3.4 kV/cm, a 
gradual decrease in the intensity of the LAL mode was observed, consequently, another peak of the LAH 
mode was appeared at a higher frequency. The intensities of the LAL and LAH modes are related to the 
volumes of nonodomain and macrodomain states, respectively. The intensities of both peaks become equal 
at E = 4.0 kV/cm, indicating that the volumes of nanodomain and macrodomain states are nearly equal. 
Upon further increase of E, the peak of the LAH mode dominates and the double-peak state persists up to E 
= 9.0 kV/cm, while the peak of the LAL mode does not disappear completely owing to the incomplete 
switching of nanodomains caused by strong quenched RFs. After removing the external E, the double-peak 
state still persists, but this strong memory effect of E can be erased by short-circuiting the electrodes of the 
sample and heating above T* for more than 30 min. 
Fig. 5.6. Electric field dependence of LA velocity at 23.3 ºC. 
Fig. 5.6. Electric field dependence of Brillouin scattering spectra of the LA mode at 23.3 ºC. 
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5.4 Conclusions 
The effects of temperature and external electric field on the acoustic properties of a SBN70 single 
crystal with strong RFs were studied by using Brillouin scattering spectroscopy. A marked diffuseness of 
the ferroelectric phase transition was observed on both ZFH and ZFC, and a remarkable thermal hysteresis 
between ZFH and ZFC was also observed near TC, which signifies the relaxor nature of the SBN70 single 
crystal. The characteristic temperatures of PNRs in SBN70 single crystal, namely, TB = 350 ºC, T* = 185 
ºC, and TC = 23 ºC, were identified from the temperature dependence of the LA width on ZFC. A stretching 
exponent β = 2.58, observed from the fitting of temperature dependence of the inverse relaxation time, 
indicates that the SBN70 single crystal exhibits a stretched critical slowing down of PNRs owing to the 
presence of strong RFs. The effect of an external electric field along the [001] direction was clearly observed. 
On FH under 3.0 kV/cm, a complete alignment of nanodomains and enhancement of the long-range 
ferroelectric order were observed below TC. Under sufficiently strong electric field, the alignment and 
stabilization of quasistatic PNRs in a paraelectric phase were also observed. In the field-dependent 
measurements in a ferroelectric phase, a mixed state consisting of macro- and nanodomains was observed 
at 3.4 kV/cm. The mixed state was observed up to 9.0 kV/cm owing to the incomplete switching of 
nanodomains being stabilized by strong RFs into the macro/single domain states. After removing the 
external electric field, a strong field-induced memory effect was also observed; such a memory effect can 
be erased by short-circuiting the electrodes of the sample and heating above T* for more than 30 min. 
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Chapter 6 
Electric Field and Aging Effects of Uniaxial Ferroelectric Sr0.40Ba0.60Nb2O6 with 
Weak Random Fields Studied by Brillouin Scattering 
 
6.1 Introduction 
Static and dynamic heterogeneity of disordered system is one of the present topics in materials 
science. In disordered ferroelectric materials with random fields (RFs) called relaxor ferroelectrics (REFs), 
the relaxor nature is characterized by RFs-induced polar nanoregions (PNRs) which play the dominant role 
in the precursor phenomena of a ferroelectric phase transition. On cooling from high temperature, the 
dynamic PNRs are induced at the Burns temperature TB due to the fluctuations of RFs. Upon further cooling 
from TB, the size of PNRs begins to grow and a dynamic-to-static transition of PNRs takes place at the 
intermediate temperature T*, below which a rapid growth of PNRs is observed. Therefore, it is considered 
that in REFs, the dynamics of PNRs play the vital role in the relaxor behaviors by inducing the diffusive 
and frequency-dispersive dielectric anomalies and various precursor phenomena [1,2]. At the Curie 
temperature TC where the paraelectric-to-ferroelectric phase transition take place, most of the PNRs become 
frozen into a nonequilibrium nanodomain state, and consequently, RFs prevent the growth into 
macrodomains [3].  However, during an aging process of uniaxial tetragonal tungsten bronze (TTB) relaxors 
below TC, the nonequilibrium nanodomain state gradually transforms into a metastable macrodomain state 
with opposite direction of the spontaneous polarization [4,5]. After several years of aging below TC, a 
stable/equilibrium macrodomain or even a single domain state can be obtained [3]. 
Aging is a common observed phenomenon in all disordered systems such as super-cooled liquids, 
polymers spin glasses, and REFs [6]. After several hours aging of a highly disordered relaxor SrxBa1-xNb2O6 
(x = 0.75, SBN75) with strong RFs, the rejuvenation and memory effects were observed in the susceptibility 
components, which indicate the possible glassy nature of the low-temperature ground state of REFs [7,8]. 
The compositional inhomogeneity in the nanoscale regions of these crystals induces RFs, which cause a 
diffused phase transition and the formation of nanodomain state below TC, while the growth into the 
macro/single domain state is prevented by RFs [3]. However, by the application of an external electric field, 
the single domain state was observed in SBN61 (x = 0.61) single crystal [3,9]. Recently, SBN70 (x = 0.70) 
and CaxBa1-xNb2O6 (x = 0.30, CBN30) single crystals were studied by Brillouin scattering under an external 
dc electric field [10,11]. Under the external field, an incomplete alignment of nanodomains and 
enhancement of the long-range ferroelectric order were observed in a ferroelectric phase. It was also reported 
that a coexisting state of nanodomains and macrodomains persists up to a high electric field owing to the 
incomplete switching/alignment of nanodomains. However, the exact reason of this incomplete 
switching/alignment of nanodomains below TC is still unclear. 
The nanodomain state below TC of ferroelectric materials is very sensitive to the external electric 
field and aging by which it gradually switches into the metastable macrodomain state. Therefore, the 
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acoustic properties of materials such as sound velocity and sound attenuation are affected. The Brillouin 
scattering spectroscopy is a powerful and advanced tool to determine the frequency shift and width of 
acoustic phonon modes which are proportional to the sound velocity and sound attenuation in materials, 
respectively. Therefore, the use of Brillouin scattering spectroscopy is a new approach of experimental 
technique to study the effects of external electric field and aging in ferroelectric materials. RFs always try 
to stabilize the nanodomain state by preventing the formation of macrodomains [3], therefore, the stability 
of the nanodomain state mainly depends on the strength of RFs. The SBN40 single crystal is a suitable 
material to study the switching/alignment of nanodomain state below TC owing to its uniaxial nature of the 
spontaneous polarization and the presence of weak RFs which can be suppressed by applying a small amount 
of external electric field. 
Therefore, in this study, the acoustic properties of SBN40 single crystals were investigated under 
zero and externally applied dc electric field by using the Brillouin scattering spectroscopy to clarify the 
critical nature and related functionality of PNRs and domain states in a ferroelectric phase below TC. In 
addition, experiments on aging below TC and its temperature dependence were also conducted which will 
give more insights into the understanding of microscopic nature of the domain state in a ferroelectric phase. 
 
6.2 Experimental methods 
The Czochralski method [12] was used to grow SrxBa1−xNb2O6 (x = 0.40, SBN40) single crystals. 
The c-plate crystals with 5 × 5 mm2 surfaces, which were polished to optical quality, and 1mm thickness 
were used for measurements. Silver plate electrodes were coated on the larger surfaces of the crystal with a 
hole of 1 mm radius on one of the surfaces to apply an external dc electric field along the [001] direction 
i.e., along the crystallographic c-direction. Brillouin scattering spectra were measured in back scattering 
geometry using a high-contrast six (3 + 3) passes Sandercock-type tandem Fabry–Perot interferometer (JRS 
TFP-1) with combination of an optical microscope (Olympus BX-60) and a single frequency green yttrium 
aluminium garnet (YAG) laser (Coherent Compass 315M-100) which have a wavelength of 532 nm and 
output power of 100mW [13]. The mirror spacing and free spectral range were fixed at 2 mm and 75 GHz, 
respectively. Temperature of the sample was controlled by a Linkam THMS600 heating/cooling stage which 
has a stability of ± 0.1 °C. Before the start of each experiment, the electrodes of the crystal were short-
circuited for 10 min at a high enough temperature to erase any memory effect of external field retained from 
previous experiments. 
An X-ray Bond method [14] with an uncertainty as low as of the order of ∆d/d = 10-5 was used to 
measure the temperature dependence of the lattice parameters of SBN40 single crystals. X-ray metric value 
of λ CuKα1 [15] and high quality single crystals were required to carry out such precise measurement. Lattice 
parameters were determined from absolute shift of the reflex position (chosen at sufficiently high 2θ angle), 
which was additionally corrected because of the systematic uncertainties of shifts. The calculations of lattice 
parameters were based on 16,0,0 reflection (θ = 80.879°) and 0,0,5 reflection (θ = 78.146°) for the 
orientations parallel and perpendicular to the tetragonal c-axis, respectively. More details information 
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related to the measurement procedure was reported elsewhere [16]. All measurements of lattice parameters 
were carried out in the air in a temperature range of 20-200 °C. Throughout the measurements, the 
temperature of the sample was detected using Ni-CrNi thermocouple with a stability of ± 0.1 °C. Based on 
the temperature dependence lattice parameters, the obtained volume of the SBN40 elementary unit cell as a 
function of temperature was calculated. 
 
6.3 Results and discussion 
6.3.1 Effects of temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1(a) shows the obtained typical Brillouin scattering spectra of a c-plate SBN40 single crystal at 
some selected temperatures measured at c(a,a+b)c� scattering geometry on a zero field heating (ZFH) 
process. The contour map of the scattering intensity vs temperature and frequency shift is shown in Fig. 
6.1(b), where the elastic scattering around 0 GHz was removed. These observed spectra consist of the 
Brillouin peak doublets which attribute to the scattered longitudinal acoustic (LA) and transverse acoustic 
(TA) phonon modes near the Brillouin zone center. From Fig. 6.1, it is clearly observed that a very weak 
TA peak exists in the entire temperature range of 26 to 450 °C. Based on the selection rules, the TA mode 
is not allowed in case of tetragonal 4mm or 4/mmm point group at back scattering geometries except at 
c(ab)c� [17] that is equivalent to the c(a,a+b)c� scattering geometry. Therefore, the persistence of the TA 
mode in entire temperature range above and below TC observed at c(a,a+b)c� geometry signifies that the 
SBN40 single crystal belongs to the tetragonal symmetry both in paraelectric and ferroelectric phases. The 
observed Brillouin spectra were fitted using the Voigt functions, a convolution of Lorentzian and Gaussian 
functions where the width of Gaussian function was fixed as an instrumental function, to extract the frequency 
TC 
Fig. 6.1. (a) Brillouin scattering spectra of a c-plate SBN40 single crystal at some selected temperatures 
on ZFH. (b) Contour map of the scattering intensity vs temperature and LA frequency shift (red and blue 
colors indicate the high and low intensities, respectively). The elastic scattering near 0 GHz was removed. 
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shift νB, the full width at half maximum (FWHM) ΓB, and the peak intensity of the phonon modes. The 
obtained νB and FWHM of the LA mode were plotted as functions of temperature as shown in Fig. 6.2(a) 
and 6.2(b), respectively. From Fig. 6.2(a), a much sharper minimum of νB was found at 150 ºC on ZFH, 
while minimum of νB was observed at 142 ºC on zero field cooling (ZFC). In a ferroelectric phase below 
TC, the marked difference between ZFH and ZFC is due to the metastable irreversible domain structure 
caused by an incomplete switching/alignment of nanodomains induced by quenched RFs during a cooling 
process [18,19]. The relatively sharp phase transition on ZFH and a noticeable thermal hysteresis observed 
in the LA shift between ZFH and ZFC processes indicate the existence of relatively weak RFs in the SBN40 
single crystal. Similar acoustic hysteresis behavior was also observed in other REFs [3,19-21].  
The acoustic properties become very sensitive at the characteristic temperatures of PNRs and show 
anomalous behavior at these temperatures via the scattering of LA phonons by PNRs [22]. Therefore, 
FWHM of the LA mode, which is directly proportional to the sound attenuation, was measured in the wide 
temperature range of 26 to 450 ºC as shown in Fig 6.2(b). On cooling from very high temperature, a deviation 
of the FWHM from its linear change was observed near 350 ºC owing to the appearance of dynamic PNRs 
which scatter LA phonons and result in an increase of the LA width. Another deviation of the FWHM from 
the linear temperature dependence was also observed at 185 ºC below which a noticeable increase in the LA 
width was observed owing to the dynamic-to-static transition of PNRs and scattering of the LA phonons by 
static PNRs [23]. Therefore, these anomalies can be attributed to the characteristic temperatures of PNRs in 
SBN40 single crystal, i.e., TB = 350 ºC and T* = 185 ºC. It was observed that the obtained TB and T* were 
comparable to those of SBN61, SBN70, and SBN75 [3,10,24], and supposed to be common for all possible 
compositions of SBN. In Pb-based REFs with perovskite structure, a similar composition-independent 
behavior was also observed [25]. The increase of the scattering of LA mode by PNRs become discontinued 
at TC, because most of the PNRs become frozen into the ferroelectric nanodomain state. TC = 142 ºC and 
150 ºC were observed from the temperature dependence of FWHM of the LA mode on ZFC and ZFH, 
respectively. Fig. 6.3 shows the temperature dependence of unit cell volume of SBN40 single crystal on 
ZFH. A clear deviation of the unit cell volume from its high-temperature linearity was observed at T = 142 ºC. 
Fig. 6.2. Temperature dependences of (a) the LA shift on ZFH and ZFC and (b) LA FWHM on ZFC. 
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It indicates that the SBN40 single crystal undergoes a structural transition from the high-temperature 
nonpolar 4/mmm to the low-temperature polar 4mm tetragonal symmetry. This result was consistent with 
the Brillouin scattering measurement, and this temperature was identified as TC = 142 ºC on ZFC as shown 
in Fig. 6.2(b), where TC = 150 ºC was observed on ZFH. A small discrepancy in temperature may be because 
of the different procedures of experiments. 
To confirm the relaxor nature of SBN40 single crystal, the relaxation time of LA mode τLA was 
estimated from νB and ΓB using the following equation [26,27]: 
 
τLA=
ΓB-Γ∞
2π �ν∞2 -νB2 � 
,                                                                                                        (6.1) 
 
where Γ∞ is the background damping estimated from FWHM at the highest temperature in Fig. 6.2(b), i.e., in 
the present case the value of Γ∞ is 0.77 GHz at 450 °C, and ν∞ is the LA shift at a very high temperature 
region (>TB), where it shows a linear temperature dependence [27]. In the very high-temperature region 
above TB, ferroelectric materials are in a paraelectric phase without having any PNRs. In this high-
temperature region, a linear temperature dependence ofνB is observed only because of the lattice 
anharmonicity [28]. To determine theν∞, the high temperature linear part of νB above TB was fitted by a linear 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3. Temperature dependence of unit cell volume of SBN40 single crystal on ZFH. 
Fig. 6.4. Temperature dependence of the inverse relaxation time shows the stretched slowing down. 
65 
 
function ν∞ (T) = 45.36 + 0.01421×T (GHz). It should be mentioned that the τLA is not sensitive to the choice 
of ν∞, even if the highest value of νB at 450 °C is considered as ν∞, almost the same value of τLA is obtained. 
The temperature dependence of the inverse of τLA was shown in Fig. 6.4, where the solid line represents the 
best fitted curve using the following equation [29]: 
 
1
τLA
=
1
 τ0
+
1
 τ1
�
T-TC
TC
�
β
, (1 ≤ β) for T > TC ,                                                           (6.2) 
 
where stretching index β = 1.0 signifies the normal critical slowing down without RFs, while β > 1.0 
indicates the stretched slowing down of the relaxation time owing to the increase of the strength of RFs [13]. 
From the best fitting of inverse τLA using Eq. (6.2) (Fig. 6.4) yields τ0 = 0.31 ps and τ1 = 0.04 ps, while β = 
1.31 signifies that SBN40 single crystal exhibits the stretched critical slowing down of PNRs. Since β = 3.0, 
2.6, and 2.58 were reported for PZN-7PT [29], PMN-30PT [30], and SBN70 [10], respectively, the SBN40 
single crystal is a relaxor ferroelectric with comparatively very weak RFs. Therefore, a very weak frequency 
dependence was observed in dielectric susceptibility, and as a result, it was suggested that the phase 
transition is weakly first order and the SBN40 single crystal is a crossover material from normal to REFs [31]. 
 
6.3.2 Effects of external electric field 
 
 
 
 
 
 
 
 
 
 
 
The LA velocity (VLA) was obtained from νB using the equation VLA = λνB/2n, where λ and n are the 
wavelength of the incident laser light (532 nm at the present case) and the ordinary refractive index of the 
sample at λ, respectively. n = 2.363 was reported for a SBN40 single crystal at the incident laser wavelength 
of 532 nm [32]. Figure 5 shows the temperature dependence of VLA under electric field E = 0 and 3.0 kV/cm 
along the [001] direction on heating and cooling processes. On field heating (FH) under E = 3.0 kV/cm (pink 
curve in Fig. 6.5), a broad and weak anomaly in VLA was observed at around 50 ºC. It suggests an incomplete 
alignment of nanodomains owing to the formation of cluster-glass type state induced by the interaction 
among PNRs [7,33]. The formation of the cluster-glass state can be confirmed by observing the memory 
Fig. 6.5. Temperature dependence of LA velocity under 3 kV/cm electric field along the [001] direction. 
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and rejuvenation effects after isothermal aging in the ferroelectric phase [7]. Upon further heating, a sharp 
and small increase in VLA was observed at around 149 °C (inset of Fig. 6.5) owing to a complete 
switching/alignment of the nanodomain state induced by RFs into the macro/single domain states induced 
by the external electric field. A similar acoustic anomaly was reported at the low temperature region of 
CBN30 single crystal [11], while the anomaly near TC was not observed. Probably the applied electric field 
was not sufficient for overcoming the RFs and switching the nanodomains. On the other hand, a sharp and 
strong acoustic anomaly near TC was observed in SBN70 single crystal under E = 3.0 kV/cm owing to a 
complete switching/alignment of nanodomains into a field-induced macro/single domain state by the 
complete suppression of RFs [10]. In the low temperature region of REFs, PNRs are frozen and strongly 
correlated with each other, hence the alignment of nanodomains under the external E becomes restricted. 
When the temperature increases towards TC, the correlation among PNRs becomes very weak. Hence, under 
a sufficiently high E, the alignment of nanodomains/static PNRs becomes facilitated which enables a 
complete switching/alignment into the macro/single domain states. Therefore, near TC, 3.0 kV/cm field align 
all PNRs along the field direction. As a result, a complete switching/alignment of nanodomains into the 
macro/single domain states was observed at 149 ºC (inset of Fig. 6.5) [34]. On subsequent FC under the 
same E (olive curve in Fig. 6.5), the anomaly at 149 ºC was not observed because during previous FH, the 
nanodomains were completely aligned along the field direction. Since external field suppresses RFs which 
are responsible for the diffusive phase transition, a marked increase of VLA and the decrease of diffuseness 
were observed below TC. Therefore, the FC curve is actually corresponds to the field-induced macro/single 
domain states. 
 
6.3.3 Effects of aging 
Upon cooling, the disordered ferroelectrics containing random ionic radii and random charges such 
as PMN freeze out into a glassy state [35,36], while SBN containing the random cation vacancies, changes 
into a metastable domain state caused by RFs below TC. The metastability of domains and pinning of the 
domain wall configurations by RFs result a very slow ‘aging’ dynamics of the structure, which drives the 
system towards the equilibrium [8]. If the disordered materials approach towards the thermal equilibrium, 
this actually subsides into the states of progressively lower free energy, i.e., states of a lower electrical or 
magnetic susceptibility [37]. Although aging is a universal feature of disordered materials [6], which results 
a variety of metastable states, the nature of aging is different for the different types of disordered systems 
under variant temperature and field histories [38]. It was reported that the dielectric susceptibility of uniaxial 
relaxor SBN75 shows a hole-like aging in a ferroelectric domain state [8]. After isothermal aging of SBN75 
below TC, both rejuvenation and memory effects were also observed in the cyclic temperature experiments 
up to TC, which indicates the existence of cluster glass-like disorder of a complex domain structure owing 
to strong RFs. At most recent, Kleemann et al. [7,36,39] reported the similar effects not only in heterovalent 
(SBN75, PMN) systems with strong RFs, but also in isovalent BaTi1-xZrxO3 (x = 0.35, BTZ35) system with 
weak RFs. It was also proposed that these effects might be a common signature of all REFs [39]. 
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In the present study, the isothermal aging experiments on SBN40 single crystals with weak RFs 
were conducted in the “ferroelectric” phase below TC. Since during isothermal aging below TC the deep 
‘hole’ being burnt at a waiting temperature TW, which indicates the approach of metastable domain states 
towards the equilibrium via lowering dielectric susceptibilities [8], it is expected that the aging at TW will 
also affect the sound velocity VLA. Figure 6.6 shows VLA of SBN40 vs. temperature measured under the 
following conditions: (1) first the crystal was cooled from 450 °C to TW on ZFC (curve 1), (2) then aging at 
(a) TW = 120 °C, (b) TW = 130 °C, and (c) TW = 135 °C for 10 h and cooling down (curve 2) to a certain 
temperature TR, where VLA merges with the ZFC reference curve (blue curve), (3) continuous reheating up 
to 150 °C (curve 3), and (4) subsequent continuous cooling back to TR (curve 4). Red and blue curves are 
the reference curves measured on ZFH and ZFC, respectively without aging. During isothermal aging below 
TC, a growth into the macrodomain state from the nonequilibrium nanodomain state was observed [4,5], 
while RFs try to stabilize the nanodomain state by suppressing the formation of macrodomains [3,11]. As a 
result, after aging the crystal at TW for 10 h under zero field, an increase of VLA was observed. From Fig. 6.6 
(a), one can presume that this fact is an irreversible growth into ordered domain or cumulative aging as 
Fig. 6.6. LA velocity of SBN40 vs. temperature after ZFC from 450 °C on first cooling to TW (curve 1), 
then aging for 10 h at (a) TW = 120 °C, (b) TW = 130 °C, and (c) TW = 135 °C and cooling down (curve 2) 
until it merges with a ZFC reference curve at TR, continuous reheating up to 150 °C (curve 3), and 
subsequent continuous cooling back to TR (curve 4). Red circle and blue triangle are reference curves 
measured on ZFH and ZFC, respectively without aging. 
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observed in classical ferroelectrics. But from Figs. 6.6(b) and 6.6(c), it was clearly seen that upon cooling 
from TW, VLA at first start to decrease (curve 2), then increase again and recover to the unaged state i.e., 
rejuvenates at TR, which excludes the possibility of being cumulative aging. On the other hand, the aged 
state was unaffected by cyclic temperature experiments up to TC and merged with the unaged ZFC reference 
curve outside a narrow temperature range (‘aging window’) above and below TW. This stable memory effect 
of aging, which recovers/rejuvenates at above and below TW, indicates the existence of cluster-glass type 
state in the low-temperature region of REFs owing to the interaction among PNRs [34].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 shows the aging experiment at TW = 130 °C, where the cooling curve 2 had been extended 
to 10 °C below TR =110 °C. It was clearly observed that below TR, all (aged) curves almost completely 
merge with and follow the ‘unaged’ ZFC reference curve (blue curve) which confirms the complete 
Fig. 6.7. LA velocity of SBN40 vs. temperature after ZFC from 450 °C on first cooling to TW = 130 °C 
(curve 1), then aging for 10 h at TW and cooling down to 100 °C (curve 2), continuous reheating up to 
150 °C (curve 3), and subsequent continuous cooling back to 100 °C (curve 4). Red circle and blue 
triangle are reference curves measured on ZFH and ZFC, respectively without aging. 
Fig. 6.8. LA velocity of SBN40 vs. temperature after ZFC from 450 °C on first cooling to TW = 130 °C 
(curve 1), then aging for 10 h at TW and cooling down to 100 °C (curve 2), continuous reheating up to 
160 °C (curve 3), and subsequent continuous cooling back to 100 °C (curve 4). Red circle and blue 
triangle are reference curves measured on ZFH and ZFC, respectively without aging. 
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rejuvenation or recovery from the aging memory. In addition, when the heating curve 3 (orange curve) was 
extended up to 10 °C above TC (= 150 °C on ZFH) and subsequent continuous cooling back to 100 °C (curve 
4, pink curve), about 75% erase of an aging memory at TW = 130 °C was observed as shown in Fig 6.8. As 
a result, the sound velocity (cooling curve 4, pink curve in Fig. 6.8) try to follow the unaged cooling curve 
1 (olive curve) and merge with the ‘unaged’ ZFC reference curve (blue curve) at about 5 °C prior to TR. 
Upon heating the crystal above TC, a transition from the frozen/static to the dynamic state of PNRs initiates 
and consequently, the interaction among PNRs becomes weaker. Upon further heating above T*, this 
transition become completed and all PNRs become dynamic and non-interacting and therefore, it was 
suggested that the memory of isothermal aging can be erased completely by heating the crystal above T* [34]. 
From Fig. 6.6, it was clearly seen that the aging window between TC and TR markedly decreases to 
60, 40, and 25 °C for the increase of TW as 120, 130, and 135 °C, respectively. Consequently, by increasing 
TW, a noticeable suppression of VLA was also observed. Near TC, the influence of RFs increases, which 
stabilize nanodomains by pinning of domain walls and prevent the formation of macrodomains. In addition, 
the fluctuations of local polarization of PNRs become stronger near TC [11] and, hence, the VLA decreases. 
On the other hand, when TW approaches towards TC, the interaction among PNRs becomes weaker and 
strong RFs make the nanodomains more stable by preventing the formation of macrodomains. As a result, 
near TC, the return of the metastable state of VLA (at TW after 10h aging) to its initial/unaged nanodomain 
state (ZFC reference curve) becomes easier by a small temperature change through TW. Therefore, at lower 
TW, the correlation among PNRs is strong to cause a strong memory, which rejuvenates slowly and results 
in a larger TC - TR value. However, at higher TW this correlation among PNRs becomes weaker and causes 
a weak memory, which rejuvenates quickly and results in a smaller TC - TR value. 
 
6.4 Conclusions 
The effect of an external dc electric field and aging on the LA velocity of a SBN40 single crystal 
were studied using the Brillouin scattering spectroscopy. Three characteristic temperatures of PNRs, 
namely, the Burns temperature TB = 350 °C, the intermediate temperature T* = 185 °C, and the Curie 
temperature TC = 150 °C on ZFH and 142 °C on ZFC, were identified from the temperature dependence of 
the LA width. The temperature dependence of the inverse relaxation time signifies that the SBN40 single 
crystal exhibits a stretched critical slowing down of PNRs with the presence of RFs. The existence of the 
thermal hysteresis and the value of stretched index β = 1.31 indicates that the SBN40 single crystal is a 
relaxor ferroelectric with weak RFs. The effect of an external electric field along the [001] direction was 
clearly observed. On FH under 3.0 kV/cm, an incomplete alignment of nanodomains at 50 ºC owing to the 
formation of a cluster-glass state induced by the interaction among PNRs and a complete switching of a 
nanodomain to a macrodomain state at 149 ºC were observed. On subsequent FC, the anomaly at 149 ºC 
was not observed due to the complete switching of nanodomains during the previous FH process. As a result, 
a remarkable increase of LA velocity and decrease of diffuseness were also observed below TC. A noticeable 
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thermal hysteresis was observed below TC in the LA shift between ZFH and ZFC processes. It was also 
related to an incomplete switching of nanodomains caused by quenched RFs. After isothermal aging at TW 
under zero field in a ferroelectric phase, an increase of LA velocity was observed, which was unaffected by 
the cyclic temperature experiments up to TC and recovered to the initial unaged state (rejuvenated) within a 
narrow temperature range above and below TW. This fact indicates that isothermal aging of SBN40 shows a 
clear memory and rejuvenation effects, which confirm the formation of a cluster-glass state in the low 
temperature region below TC. By increasing TW, a marked decrease of aging window (TC - TR) was observed 
owing to the weak interaction among PNRs. It was suggested that the memory of aging can be erased 
completely by heating the crystal above T*. 
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Chapter 7 
Effect of Electric Field on Polar Nanoregions of Uniaxial Ferroelectric 
Sr0.40Ba0.60Nb2O6 with Weak Random Fields Studied by Brillouin Scattering 
 
7.1 Introduction 
Recently, uniaxial relaxor ferroelectrics (REFs) with strong random fields (RFs) such as CaxBa1-
xNb2O6 (x = 0.30, CBN30) and SrxBa1-xNb2O6 (x = 0.70, SBN70) single crystals were studied under an 
external dc electric field using Brillouin scattering and an enhancement of the long-range order and an 
incomplete alignment of nanodomains below the Curie temperature TC were reported [1,2]. In addition, the 
coexisting state of macrodomains and nanodomains was observed up to a high electric field because of the 
incomplete switching of nanodomains in both crystals. Most recently, a Brillouin scattering study of the 
electric field and aging effects on SBN40 single crystal with weak RFs were conducted in a ferroelectric 
phase below TC [3]. It was reported that the SBN40 single crystal demonstrates a significant aging memory 
and rejuvenation effects, and exhibits a stretched critical slowing down of PNRs [3], which are observed in 
both typical perovskite and uniaxial tetragonal tungsten bronze (TTB) relaxors [4,5]. In addition, a very 
weak frequency dependence was observed in the dielectric susceptibility and speculated that it is a crossover 
material from normal to REFs [6]. The effect of an external electric field on nanodomains/static PNRs below 
TC was also investigated [3]. However, the detail study of the effect of electric field on PNRs in TTB relaxors 
is hitherto insufficient and the role of PNRs in the domain states above and below TC is still a puzzling issue 
of materials science. 
The PNRs in a paraelectric phase and the nanodomain state or static PNRs in a ferroelectric phase 
are very sensitive to the external electric field by which the nanodomain state gradually switches into a 
metastable macro- or even a single domain state. Therefore, a variation in the acoustic properties of materials 
such as the sound velocity and sound attenuation can be expected. The Brillouin scattering spectroscopy is 
an advanced technique to determine the frequency shift and width of the acoustic phonons which are directly 
proportional to the velocity and attenuation of sound, respectively. Therefore, the Brillouin scattering 
spectroscopy is a very effective tool to study the effect of external electric field not only on PNRs in a 
paraelectric phase but also on the nanodomain state in a ferroelectric phase of relaxor materials. Since RFs 
try to stabilize the nanodomain state in a ferroelectric phase below TC by pinning of the domain wall and 
prevent the growth of macrodomains [7], the stability of the nanodomain state or static PNRs mainly 
depends on the strength of RFs. In order to study the effect of electric field on PNRs above and below TC, 
the SBN40 single crystal is a suitable material owing to its uniaxial spontaneous polarization and weak RFs 
which can easily be suppressed by a weak external electric field. 
Therefore, in this study, the effect of external electric field on the acoustic properties of SBN40 
single crystals were investigated using the Brillouin scattering spectroscopy to clarify the critical nature and 
the related functionality of PNRs and domain states above and below TC in the uniaxial REFs with TTB structure. 
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7.2 Experimental methods 
In order to grow the SrxBa1-xNb2O6 (x = 0.40, SBN40) single crystals, the Czochralski method was 
employed [8]. The c-plate crystals with 1 mm thickness and 5 × 5 mm2 surfaces were used for measurements. 
The large surfaces of the crystal were polished to optical quality. Silver plate electrodes were coated on the 
larger surfaces of the crystal with a hole of 1 mm radius on one of the surfaces to apply an external dc 
electric field along the [001] direction. The Brillouin scattering spectra were collected in backward 
scattering geometry using a micro-Brillouin scattering system with a high-resolution six passes Sandercock-
type tandem Fabry-Perot interferometer (JRS TFP-1) with a mirror spacing of 2 mm and a free spectral 
range of 75 GHz [9]. A single frequency green yttrium aluminium garnet (YAG) laser (Coherent Compass 
315M-100) with a wavelength of 532 nm and 100 mW output power was employed as an excitation source. 
The temperature of the crystal was controlled with a stability of ± 0.1°C by using a Linkam THMS600 
heating/cooling stage. Before the start of each measurement, the electrodes of the crystal were short-
circuited for 10 min at a high enough temperature to erase any memory effect of external electric field 
retained from previous experiments. 
 
7.3 Results and discussion 
7.3.1 Effects of field cooling 
 
 
 
 
 
 
 
 
 
 
 
 
The Brillouin spectra of a c-plate SBN40 single crystal were measured using c(a,a+b)c̅ scattering geometry. 
To obtain the frequency shift νB, full width at half maximum (FWHM), and peak intensity of the acoustic 
phonon modes, the measured spectra were fitted using Voigt functions which are the convolution of 
Lorentzian and Gaussian functions, where the width of Gaussian function was fixed as an instrumental 
function. The LA velocity (VLA) was determined from νB using the relation VLA = λνB/2no, where λ (= 532 
nm) is the wavelength of the incident laser light and no (= 2.363 at λ for a SBN40 single crystal [10]) is the 
ordinary refractive index of the crystal. The characteristic temperatures of PNRs in SBN40 single crystal 
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Fig. 7.1. Temperature dependences of LA velocity of a SBN40 single crystal under constant electric 
fields along the [001] direction on cooling. 
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such as the Burns temperature TB = 350 °C, the intermediate temperature T* = 185 °C, and TC = 142 °C 
were reported on zero field cooling (ZFC) [3]. Figure 7.1 shows the temperature dependences of VLA of a 
SBN40 single crystal on ZFC and field cooling (FC) processes under the external electric field E = 0.5, 1.0 
and 3.0 kV/cm along the [001] direction. In the paraelectric phase above TC, the external E overcomes the 
quenched RFs and easily aligns PNRs along the field direction owing to the weak interaction among PNRs. 
Therefore upon FC, PNRs become frozen with a preferred orientation induced by an external E [11] which 
causes a suppression of disorder in the crystal. As a result, a remarked increase of VLA was observed below 
TC on FC as shown in Fig. 7.1. Hence, on FC, the minimum of VLA can be attributed to the field-induced TC. 
From Fig. 7.1, it was clearly observed that all FC curves exhibit almost the saturated value of VLA below the 
temperature T = 120 °C. It signifies that under sufficiently strong E, all PNRs in the paraelectric phase 
become aligned along the field direction owing to the complete suppression of RFs [12]. In addition, by 
cooling the crystal under an external E thus leads to the growth into macro/single domain states in a 
ferroelectric phase. Therefore, the FC states with a high VLA below T = 120 °C actually corresponds to the 
field-induced macro/single domain states. By increasing the strength of external E, a gradual shift of the 
minimum of VLA towards the high temperature region was also observed, which indicates an enhancement 
of the long-range order in a ferroelectric phase below TC. 
 
7.3.2 Effects of poling field strength and time 
 
 
 
 
 
 
 
 
 
 
 
 
The poling measurements were carried out under the following procedures: (1) at first the crystal 
was poled with E = 5.0 kV/cm for a certain period of time at 160 ºC in the paraelectric phase below T* = 
185 ºC, (2) then E was removed, and (3) finally, Brillouin scattering spectra were measured on ZFC. The 
temperature dependences of VLA of a SBN40 single crystal on ZFC after poled the crystal with E = 5.0 
kV/cm at 160 ºC for 60 min (pink curve) and 1 min (red and orange curve), respectively, as shown in Fig 
7.2. After poled the crystal with E = 5.0 kV/cm for 60 min at 160 ºC, VLA upon ZFC (pink curve) was similar 
to that on FC with E = 0.5 kV/cm (olive curve in Fig. 7.2). This result indicates that poling the crystal with 
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Fig. 7.2. Temperature dependences of LA velocity of a SBN40 single crystal on ZFC after poled 
the crystal with E = 5.0 kV/cm at 160 ºC for 60 min (pink curve) and 1 min (red and orange curve). 
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such a high E for 60 min is sufficient to align all PNRs in the paraelectric phase along the field direction. 
As a result, VLA of the poled crystal becomes comparable to that on FC under constant E. When the poling 
field was kept at E = 5.0 kV/cm and poling time was decreased to 1 min, a splitting of the LA mode below 
126 ºC was observed (red and orange curve in Fig. 7.2). When the poling time was decreased to 1 min, some 
of PNRs switch back to their initial direction, and therefore, a splitting of the LA mode below TC was 
observed [12]. In Fig. 7.2, the low-frequency LA (LAL) mode corresponds to the nanodomains (orange 
curve) induced by quenched RFs, while the high-frequency LA (LAH) mode corresponds to the 
macrodomains (red curve) induced by the external E. The temperature dependence of Brillouin scattering  
 
 
 
 
 
 
 
 
 
 
 
 
 
spectra of the LA mode at some selected temperatures on ZFC after poled the crystal with E = 5.0 kV/cm at 
160 ºC for 1 min is shown in Fig. 7.3. Upon decreasing the temperature, a gradual decrease in the intensity 
of the LAL mode was observed. Consequently, an additional peak of the LAH mode appears at the higher 
frequency. The intensities of the LAL and LAH modes are actually corresponds to the volumes of 
nanodomain and macrodomain states, respectively. It was observed that upon further decrease of 
temperature, the peak of LAH mode starts to dominate below 120 ºC and becomes maximum at the room 
temperature. While a weak peak of the LAL mode still persists with a very low intensity owing to the 
incomplete switching of nanodomains caused by quenched RFs. Therefore, from this observation it is clear 
that upon cooling, the tendency of the switching of nanodomains into the macro/single domain states below 
TC is greatly enhanced in a partially poled crystal as compared to the un-poled one (blue curve in Fig. 7.2) [12]. 
 
7.3.3 Effects of electric field at constant temperature 
Figure 7.4 shows the field dependence of Brillouin scattering spectra of a SBN40 single crystal at 
some selected E at 80 ºC. The electric field dependent VLA was determined from νB obtained by fitting of 
these spectra, and plotted in the Fig. 7.5. In a ferroelectric phase below TC, upon the application of an external 
E at constant temperature of 80 ºC, a coexisting state of nanodomains and macrodomains induced by RFs  
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and an external E, respectively, was also observed at about E = 9.0 kV/cm. Similar behavior of VLA was also 
reported in other uniaxial REFs CBN30 and SBN70 single crystals with TTB structure [1,2]. The mixed 
state persists up to E = 13.0 kV/cm owing to the incomplete switching of the nanodomain into the 
macro/single domain states [12]. Below TC, PNRs are strongly correlated with each other and therefore, the 
switching of nanodomains by the external E becomes interrupted [3] which results an incomplete switching. 
Even after removing the external E, the mixed state was observed. This strong memory effect of an external 
E can be removed by short-circuiting the electrodes of the crystal at above T* for more than 10 min. 
 
7.4 Conclusions 
The electric field effects on the acoustic properties of SBN40 crystals with weak RFs were 
investigated using Brillouin scattering spectroscopy. The effects of an external E along the [001] direction 
on PNRs in a paraelectric phase above TC and nanodomains/static PNRs below TC were clearly observed. 
On FC, the alignment of PNRs along the direction of E in a paraelectric phase above TC and an enhancement 
of the long-range order in a ferroelectric phase below TC were observed. After poling the crystal with a high E  
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for 60 min above TC, the alignment of all PNRs along the field direction was also observed on ZFC. By 
decreasing the poling time to 1 min, some of the PNRs switch back which causes a splitting of the LA mode 
below TC. In the field-dependent measurement below TC, a mixed state consisting of macro- and 
nanodomains was persisted up to a very high E by the incomplete switching of nanodomains owing to the 
frustrated interaction among PNRs [3]. The mixed state persists even after removing the external E. This 
strong memory effect of external E can be erased by short-circuiting the electrodes of the crystal above T* 
for more than 10 min. 
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Chapter 8 
Electric Field Effect on Acoustic Properties of Uniaxial Relaxor Ca0.30Ba0.70Nb2O6 
Single Crystals with Relatively Strong Random Fields 
 
8.1 Introduction 
The uniaxial relaxor ferroelectrics (REFs) CaxBa1−xNb2O6 (CBN) single crystals with tetragonal 
tungsten bronze (TTB) structure show the similar physical properties as the SrxBa1−xNb2O6 (SBN) except 
their Curie temperatures TC are much higher [1-5], which make CBN single crystals the potential candidates 
in relatively high-temperature applications. The CBN single crystals also exhibit a relatively lower degree 
of structural disorder which induces the relatively weak random fields (RFs), and therefore, the long range 
ferroelectric order and a weakly first-order phase transition at TC were observed [6]. As a result, a relatively 
sharp peak in the dielectric spectra was observed near the phase transition of CBN [7]. By increasing the Ca 
content in CBN, a decrease of TC and an increase of the diffuseness of phase transition were observed owing 
to the increase of disorder which results an enhancement of RFs that induce polar nanoregions (PNRs) at 
Burns temperature TB [8,9]. Although the structure of CBN single crystals are similar to SBN, all functional 
properties of CBN are not exactly the same as SBN owing to the relatively weak RFs and smaller lattice 
parameters. It was suggested that the exceptional physical properties of SBN are due to the relatively small 
lattice parameters [10], while CBN crystals actually have lattice parameters smaller than those of SBN. 
Therefore, for the device applications, CBN crystals can be the better candidates. Recently, many experiments 
were conducted to study the uniaxial REFs CBN compounds with TTB structure. The effects of Ca content or 
doping oxides on the dielectric properties, relaxor nature, and the elastic properties of CBN crystals and ceramics 
were studied [6,11-14]. However, the effect of external electric field on PNRs in the vicinity TC in a ferroelectric 
phase and the related acoustic properties of CBN single crystals have not yet been studied in details. 
Therefore in the present study, the acoustic properties of CBN30 (x = 0.30) single crystals were 
investigated using broadband Brillouin scattering spectroscopy to discuss the critical nature of PNRs under 
the external electric field and the related functionality near TC which will give the new insights into the 
uniaxial REFs with TTB structure. 
 
8.2 Experimental methods 
The CaxBa1-xNb2O6 (x = 0.30, CBN30) single crystals were synthesized by employing the 
Czochralski method [15]. Single crystal plates were cut along [001] (c-plate) with 1mm thickness and 
optically polished 5mm×5mm surfaces. Silver paste electrodes were attached on the larger faces with a hole 
of 1mm radius on one of the surfaces for applying a dc electric field along the [001] direction. Brillouin 
scattering spectra were measured in back scattering geometry using a high-contrast six passes tandem Fabry-Perot 
interferometer where the mirror spacing was set at 2 mm with a free spectral range of 75 GHz [16]. For exciting 
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source, a single frequency green Yttrium aluminium garnet (YAG) laser (Coherent Compass 315M-100) 
with a wavelength of 532 nm and output power of 100 mW was employed. A heating/cooling stage (Linkam 
THMS600) was employed to control the temperature of the specimen with a stability of ± 0.1°C. Before 
each measurement, the electrodes of the specimen were short-circuited for 15 min at a high enough 
temperature to erase any memory effect retained from previous treatments. 
 
8.3 Results and discussion 
8.3.1 Effects of temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.1 shows the typical Brillouin scattering spectra of a c-plate CBN30 single crystal observed 
on zero field cooling (ZFC) process. These spectra consist of the scattered longitudinal acoustic (LA) and 
transverse acoustic (TA) phonon modes near the the Brillouin zone center. From Fig. 2, it was clearly seen 
that the TA mode with very small intensity exists in all temperature range of 30 to 450 ºC, which signifies 
the tetragonal structure of CBN30 single crystals both in ferroelectric and paraelectric phases similar to SBN 
crystals [17-19]. The Brillouin scattering spectra were fitted using Voigt functions which are the convolution 
Fig. 8.1. Temperature dependence of Brillouin scattering spectra of a CBN30 single crystal on 
ZFC. LA and TA denote the longitudinal and transverse acoustic phonon modes, respectively. 
Fig. 8.2. Temperature dependences of (a) the LA shift on ZFH and ZFC and (b) FWHM on ZFC. 
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of Gaussian and Lorentzian functions, where the width of Gaussian functions was considered as an 
instrumental function. Figure. 8.2 shows the obtained frequency shift νB and the full width at half maximum 
(FWHM) ΓB of the LA mode plotted as a function of temperature. A marked thermal hysteresis between 
zero field heating (ZFH) and ZFC processes was observed in νB as shown in Fig. 8.2(a), indicating the 
relaxor nature, where νB exhibits a much sharper minimum at 234 ºC on the ZFH and  at 231 ºC on ZFC 
processes. Similar acoustic hysteresis were reported in other REFs [2,20-22]. The acoustic properties of 
REFs show anomaly at characteristic temperatures of PNRs by scattering of acoustic phonons with PNRs 
[23]. Therefore, the temperature dependence of FWHM of LA mode was measured in a wide temperature 
range from 30 to 450 °C as shown in Fig. 8.2(b). On cooling from high temperature, an increase of the LA 
width owing to the scattering of LA phonons by dynamic PNRs near TB were observed [18,19]. Since at the 
intermediate temperature T*, the dynamic PNRs start to become static, a marked increase in the LA width 
was observed owing to the scattering of the LA mode by static PNRs [6,18,19]. At TC, the increase of the 
scattering of LA mode becomes terminated because at this temperature most of the PNRs become frozen 
into ferroelectric nanodomain states. T* = 370 °C, and TC = 231 °C, were identified from temperature 
dependence of the LA width on ZFC process [17]. However in CBN28 (x = 0.28), TB = 517 °C, T* = 367 °C, 
and TC = 254 °C were reported [6]. The T* in CBN30 is very close to the CBN28 but TC is 23°C lower 
owing to the increase of Ca content [8]. According to another high-temperature measurement up to 1023 °C 
(figure not shown), it was observed that TB is also very close to the CBN28. Similar composition-
independent effect was also reported in SBN crystals [2,18,19,23,24]. Therefore, TB and T* are supposed to 
be unaffected by compositions of Sr and Ca ions in SBN and CBN single crystals, respectively. This is very 
similar to the case of Pb-based REFs with perovskite structure [25].  
 
 
 
 
 
 
 
 
 
 
 
In order to confirm the relaxor nature in CBN30 single crystal, the temperature dependent relaxation 
time of the LA mode τLA was determined by the equation [26,27]: 
 
τLA=
ΓB-Γ∞
2π �ν∞2 -νB2 � 
,                                                                                                        (8.1) 
Fig. 8.3. Temperature dependence of inverse relaxation time shows the stretched slowing down. 
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where Γ∞ is the background damping estimated from FWHM at the highest temperature in Fig. 8.2(b),ν∞ is 
the LA shift at a very high temperature region (>TB), where it shows a linear temperature dependence [27]. 
Figure 8.3 shows the inverse relaxation time as a function of temperature, where the solid line represents 
the best fitted curve using the equation [28]: 
 
1
τLA
=
1
 τ0
+
1
 τ1
�
T-TC
TC
�
β
, (1 ≤ β) for T > TC,                                                            (8.2) 
 
where the stretched index β = 1.0 denotes to the normal critical slowing down without RFs, while β > 1.0 
denotes the stretched slowing down of relaxation time by the increase of the strength of RFs [16].  From 
Fig. 8.3, β = 2.05 was observed, which indicates that CBN30 single crystal shows the stretched critical 
slowing down of PNRs. Since β = 3.0, 2.6, and 2.58 were reported for PZN-7PT [28], PMN-30PT [29], and 
SBN70 [18], respectively, the strength of RFs in CBN30 single crystal is relatively strong [17]. 
 
8.3.2 Effects of external electric field 
 
 
 
 
 
 
 
 
 
 
 
 
The LA velocity VLA was determined from νB using the relation VLA = λνB/2no, where λ and no 
denote the wavelength of laser (532 nm) and the ordinary refractive index at λ, respectively. In CBN30, no 
= 2.363 was reported for the incident laser wavelength of 532 nm [12]. Figure 8.4 shows the temperature 
dependence of VLA on ZFH and under external electric field E = 0.5 and 1.0 kV/cm along the [001] direction. 
On field heating (FH) under E = 1.0 kV/cm (olive curve), an increase in VLA was observed at around 160 ºC 
owing to the incomplete alignment of nanodomains caused by strong interaction among PNRs. This anomaly 
is similar to the low temperature anomaly in SBN40 single crystal [19]. While in CBN30 crystal, the 
anomaly near TC was not observed. Presumably E = 1.0 kV/cm was not sufficient to complete 
switching/alignment of nanodomains by overcoming RFs. With the increase of E from 0 to 1.0 kV/cm, TC 
shifts from 234 to 241 °C at which a sharp minimum of VLA was observed. It indicates that the long-range 
Fig. 8.4. Temperature dependence of LA velocities of a CBN30 single crystal under constant 
electric fields along the [001] direction on heating. 
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ferroelectric order is enhanced. Under E = 0.5 kV/cm, the observed alignment of nanodomains and the shift 
of TC (239 ºC) both were lower than that of under E =1.0 kV/cm. Consequently, the decrease of VLA towards 
TC was the similar fashion of ZFH. Since the external E suppresses RFs which are responsible for the 
diffusive phase transition, a decrease of the diffuseness is observed by increasing the strength of E. As a result, 
under higher E, the alignment of nanodomains becomes enhanced and the phase transition becomes sharper. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.5 shows the electric field dependence of VLA of a c-plate CBN30 single crystal after ZFC 
measured at constant temperatures of 150, 180, and 200 ºC. In a ferroelectric phase below TC, by applying 
an external E to a ZFC crystal, a discontinuous transition of VLA from a nanodomain state to an intermediate 
state of coexisting nano- and macrodomain was observed at E ≈ 3.0 kV/cm as shown in Figs. 8.5 and 8.6. 
Where, the low-frequency LA (LAL) modes correspond to nanodomains induced by RFs and the high-
frequency LA (LAH) modes correspond to macrodomains induced by the external E. Similar phenomena 
were also reported in other uniaxial TTB and cubic perovskite REFs [2,18,22,29]. The coexisting state was 
observed up to 13.0 kV/cm owing to the incomplete switching of nanodomains into the equilibrium 
macro/single domain states, caused by the strong interaction among PNRs. Similar incomplete switching of 
nanodomains was also observed in SBN70 single crystal [18]. When the temperature was increased towards 
TC, a decrease of the frequency of both LAL and LAH modes were observed as shown in Fig. 8.5. In the 
vicinity of TC, the effect of RFs enhances which try to stabilize nanodomains by pinning of domain walls and  
Fig. 8.5. Electric field dependence of LA velocities at 150, 180, and 200 ºC. 
Fig. 8.6. Electric field dependence of Brillouin scattering spectra of a CBN30 single crystal at 180 ºC. 
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consequently, suppress the growth of macrodomains. In addition near TC, the electrostrictive coupling 
between local polarization of PNRs and the strain becomes stronger and hence, the frequency of both LAL 
and LAH modes decreases. 
Figure 8.6 shows the electric field dependence of Brillouin scattering spectra of a CBN30 single 
crystal at 180 ºC, and Fig. 8.7 shows the Brillouin peak of an LA mode at some selected electric fields at 
the same temperature. When E was increased from zero to 3.0 kV/cm, the intensity of the peak of LAL mode 
was gradually decreased and additional new peak of the LAH mode was observed at a higher frequency. At 
E = 8.4 kV/cm, the intensity of both peaks were equal. Upon further increase of the field strength, the peak 
of LAH mode starts to dominate and the double-peak state exists up to E = 13.0 kV/cm at which a very weak 
peak of LAL mode still visible owing to quenched RFs. This double-peak state was observed even after 
removing the external E. This strong memory effect of external E can be removed by short-circuiting the 
electrodes of the crystal above T* for more than 15 min. 
 
8.4 Conclusions 
A noticeable thermal hysteresis was observed between ZFH and ZFC which signifies the relaxor 
nature of a CBN30 single crystal. The intermediate temperature T* = 370 °C and the Curie temperature TC 
= 231 °C were observed from the temperature dependent FWHM on ZFC. From the fitting of temperature 
dependent inverse relaxation time, the stretched index β = 2.05 was observed, which indicates that the 
CBN30 single crystal exhibits the stretched critical slowing down of PNRs with the presence of relatively 
strong RFs. The effect of an external E along the [001] direction was clearly observed. From the temperature 
dependent VLA at constant E, an incomplete alignment of nanodomains and an enhancement of the long-
range ferroelectric order were observed below TC. In the field dependent measurement below TC, the mixed 
state consisting of macro- and nanodomains was observed at E = 3.0 kV/cm. This mixed state was existed 
up to a very high E because of the incomplete switching of nanodomains owing to the strong interaction 
among PNRs. After removing the external E, a strong field-induced memory effect was also observed, which 
can be erased by short-circuiting the electrodes above T* for more than 15 min.  
Fig. 8.7. Electric field dependence of Brillouin spectra of the LA mode at some selected E at 180 ºC. 
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Chapter 9 
Summary 
 
This research was devoted to investigate the effects of temperature and electric field on the acoustic 
and dielectric properties of relaxor ferroelectrics (REFs) using Brillouin scattering and dielectric 
spectroscopy. It was done to clarify the critical nature and related functionality of polar nanoregions (PNRs) 
in domain states above and below the Curie temperature TC. The materials to be studied were Pb-based cubic 
perovskite type (1-x)Pb(Mg1/3Nb2/3)O3-xPbTiO3 (x = 0.30, PMN-30PT), and Pb-free uniaxial tetragonal 
tungsten bronze (TTB) type SrxBa1-xNb2O6 (x = 0.70, SBN70; x = 0.40, SBN40), and CaxBa1-xNb2O6 (x = 
0.30, CBN30) single crystals. The major findings of this study are summarized as follows: 
 
A remarkable thermal hysteresis between zero field heating (ZFH) and zero field cooling (ZFC), 
and a broad-diffused ferroelectric phase transition have been observed in all single crystals, which indicate 
that all single crystals studied here are relaxor ferroelectrics. Stretched index β > 2 for PMN-30PT, SBN70, 
and CBN30 single crystals indicates that they are REFs with strong random fields (RFs). While for SBN40, 
β = 1.31 indicates that the strength of RFs is very weak in SBN40. Due to the presence of strong RFs, the 
difference between ZFH and ZFC are small in PMN-30PT, SBN70, and CBN30 single crystals. While in 
SBN40, this difference is very large because of the very weak RFs. After removing the external electric 
field, a strong field-induced memory effect is observed in all single crystals studied here and the process of 
erasing this memory has also been clarified. 
 
In PMN-30PT single crystal, a mixed state of nanodomain and macrodomain was observed under 
lower electric field both in Brillouin scattering and dielectric measurements because of the incomplete 
switching of nanodomains along the field direction. This mixed changes into macro/single domain states at the 
critical end point (CEP) at which the highest dielectric constant was observed. Therefore, it is suggested that 
at the CEP, the transition from mixed state to a macro/single domain states may be the origin of the maximum 
dielectric response in PMN-30PT single crystal with composition near the morphotropic phase boundary. 
 
Upon the application of an external electric field, TC of SBN70, SBN40, and CBN30 single crystals 
shift to the higher temperature. It indicates that the long-range ferroelectric order is enhanced. In SBN70, 
SBN40, and CBN30 single crystals, the mixed state persists up to a very high electric field because of the 
incomplete switching of nanodomains due to the interaction among PNRs in a low temperature ferroelectric 
phase. Electric field, aging memory and rejuvenation effects observed in SBN40 indicate that the cluster-
glass type disorder state is formed in a low temperature ferroelectric phase due to the interaction among 
PNRs similar to other perovskite REFs. On field cooling from a high temperature paraelectric phase, a 
macro/single domain state can easily be obtained due a complete switching of nanodomains by a lower 
electric field, while on field heating from a low temperature ferroelectric phase, the complete switching was 
not observed due to the interaction among PNRs. It also indicates the presence of a cluster-glass type 
disorder state in a low temperature ferroelectric phase of uniaxial TTB REFs. The above findings can be 
helpful for not only in the device applications but also in the fundamental research of REFs. 
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